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Abstract
Key to the success of plants is their ability to co-ordinate timely responses to stressful envi-
ronments using intricate intracellular signaling mechanisms. Most, if not all stress signaling
cascades register in the nucleus and trigger transcriptional changes that are fundamental for
acclimation to stress. Over the last decade it has also become apparent that chloroplasts
operate as sensors of prevailing environmental conditions, perceiving abiotic stress and or-
chestrating the remodelling of the nuclear transcriptome. Nevertheless, these retrograde
signals may also have roles beyond bilateral chloroplast-to-nucleus communication when
considered in the context of the broader complexity of a cell. Accordingly, identifying the
signaling mechanisms and understanding how intracellular signals are translated into ex-
pression changes is essential. Throughout a plant’s life history, stress also alters subsequent
plant responses. As a result, the prospect of epigenetic memory is an evocative subject with
exciting research and agronomic possibilities. Yet the more common strategy employed by
plants is likely to be recovery and resetting, underpinned by post transcriptional processes
and RNA metabolism.
This thesis demonstrates the existence of the ’SAL1-PAP-XRN’ retrograde signaling path-
way in Arabidopsis thaliana (Arabidopsis), providing mechanistic insight into the functions of
retrograde signaling during stress. Key to this model is the discovery that the signal is trans-
mitted and interpreted via the nucleotide 3’-phosphoadenosine 5’-phosphate (PAP) and the
5’-3’ exoribonucleases (XRNs) respectively. Evidence that key changes in gene expression are
mediated by regulation of RNA Polymerase II read-through and activation of downstream
genes is also presented, contributing to our understanding of the transmission and specificity
of the PAP signal. Beyond a linear retrograde signaling pathway, it is also demonstrated that
PAP-signaling is entwined with other components in the complex networks of the eukary-
otic cell. In particular, PAP and the XRNs can regulate stomatal responsiveness and in turn
drought tolerance, raising the prospect that PAP is a secondary messenger. Indeed, indepen-
dent of the XRNs, novel PAP binding proteins are identified including NDPKs, CATs and
SOS2 implicating PAP in the regulation of Reactive Oxygen Species (ROS), ABA signaling
and cellular energy homeostasis. Characterisation of the PAP-XRN regulon highlights to the
importance of RNA metabolism in regulating stress responses, raising questions about how
cells recover from stress and the contribution of RNA metabolism and post transcriptional
processes. It is argued that elucidating the mechanisms of stress recovery is essential for a
complete understanding of stress signaling, tolerance and memory. Consequently, Rapid Re-
covery Gene Silencing (RRGS) is presented as a new mechanism promoting stress recovery.
Consistent with this hypothesis, transcripts are turned-over incredibly fast during stress and
ix
xrecovery establishing RRGS as a prevalent phenomenon in Arabidopsis. The generation of the
RRGS time course data set establishes a resource for further investigations into how plants
balance recovery and memory at the molecular level, comprising comprehensive profiles of
the transcriptome, degradome, sRNAome and DNA methylome.
Thesis User Guide
Welcome to the Thesis User Guide. This section contains some brief information for getting
the most out of this thesis and accessing some additional features.
This thesis is structured as five chapters, each chapter builds on the previous and contains
an Introduction (specific literature review), Methods, Results/Discussion and Summary. Ac-
cordingly each chapter is semi-autonomous and can be read independently, although the
chapters are intended to be read in order. Below is a summary of the goals and approaches
of each chapter:
• Chapter 1: A novel retrograde signaling pathway in plants is elucidated through ge-
netic, phenotypic and transcriptomic characterisation of sal1 and xrn mutants identify-
ing PAP as a retrograde signal, linking SAL1 and XRNs.
• Chapter 2: Large-scale NGS sequencing approaches and detailed bioinformatic analysis
are employed to demonstrate that the XRN enzymes can regulate gene expression,
revealing that Pol II read-through could contribute to specificity of the PAP signal.
• Chapter 3: Beyond bilateral communication between the chloroplast and nucleus.
Through genetic and transcriptomic analysis, a role for PAP and the XRNs in ABA
signaling is demonstrated.
• Chapter 4: Using proteomics and affinity chromatography novel roles for PAP are im-
plicated in the context of the broader cell and its functions beyond the linear retrograde
pathway, identifying additional potential targets for PAP in addition to the XRNs.
• Chapter 5: By broadening the investigation of RNA metabolism beyond the XRNs it
is argued that stress recovery and RNA turnover are critical aspects of stress response
and accordingly, using large scale transcriptomics roles for RNA metabolism in stress
recovery are demonstrated.
• Summary: A brief summary integrates the major findings of the thesis.
Additional features:
• Hyperlinks: This thesis is compiled as an enhanced pdf with in text hyperlinks for
all cross-references and supplementary data, for instance, clicking on "Figure 1.1 " will
navigate to the figure.
xi
xii
• Supplementary Data: Small supplementary data figures are placed at the end of each
chapter, while large data sets and tables have been up-loaded to the web and can be
accessed via in the in-text hyperlinks. All online Supplementary Data can be found
at Supplementary Data [Link]. In anticipation of the eventuality that the web links will
break, the supplementary data is also provided on a flash disk physically attached to
the print version of this thesis. Alternatively, contact Peter Crisp for access to supple-
mentary data.
• Code: As much as possible this thesis strived for transparent and reproducible bioin-
formatic analysis. All pipelines for pre-processing NGS data are posted on Github [Link]
(https://github.com/pedrocrisp/NGS-pipelines). Downstream analysis in R including
differential expression and statical analysis were compiled as .Rnw or .Rnd files and
are available upon request.
• Protocols: Key wet-lab protocols are also available in a version-controlled repository at
Github repository [Link] (https://github.com/pedrocrisp/Wetlab-Protocols).
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Chapter 1
Chapter 1: PAP-XRN retrograde
signalling
PAP signals a new line of communication between the chloro-
plast and the nucleus
Results from this chapter were published in Estavillo et al. 2011, which is available online at
The Plant Cell (http://dx.doi.org/10.1105/tpc.111.091033) or as Supplememtary Data 1.1.
This chapter presents the discovery of a retrograde signal through the identification of its
nuclear targets as described in the paper along with additional results, comments and dis-
cussion. Chapter 1 largely reflects the state of the field in 2011 and does not necessarily
include the latest exciting developments. Some contributions made by co-authors are also
presented for context and are attributed accordingly.
Introduction
The evolution of the eukaryotic cell necessitated the development of signalling between com-
partments or organelles to co-ordinate cell differentiation, development, and acclimation to
altered environmental stimuli. In plants, the transcriptional and developmental program of
the chloroplast is tightly integrated with the nuclear program (Vranová et al. 2002; Strand
et al. 2003; Nott et al. 2006; Pogson et al. 2008; Kleine et al. 2009; Pfannschmidt 2010). This
is required because chloroplast multi-protein complexes, such as ribosomes and the photo-
systems, are mosaics of subunits transcribed from both the plastid and nuclear genomes.
Thus, timely co-expression from both genomes is essential to enable co-ordinated assembly
and maintenance of photosynthesis. For example, if chloroplasts become damaged, they ini-
tiate retrograde signals that are sent to the nucleus to preclude unnecessary transcription of
nuclear-encoded proteins that are targeted to the chloroplast (Bradbeer et al. 1979). Over the
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last decade it has also become apparent that chloroplasts operate as sensors of prevailing en-
vironmental conditions, perceiving abiotic stress and initiating timely defence responses. A
range of retrograde signals and pathways have been proposed and actively debated (Pogson
et al. 2008; Kleine et al. 2009; Pfannschmidt 2010). One of the greatest on-going challenges
in this field is the identification and demonstration of the postulated signals that must move
from the chloroplast to the nucleus to regulate gene expression.
There is evidence for multiple retrograde pathways; indeed, given the multitude and com-
plexity of different metabolic reactions undertaken within the plastid, that is to be expected
(Pogson et al. 2008; Pfannschmidt 2010). Extending upon previous classifications (Pogson et
al. 2008), here it is proposed that retrograde signals encompass three classes: those related to
chloroplast and photosystem biogenesis (biogenic control), signals required for the operation
and up-keep of the chloroplast (operational control) and lastly, signals connected to sensing
and responding to changing environmental stimuli (stress sensory). Although, each class is
not mutually exclusive and there is overlap especially for the operational control and stress
sensory pathways.
Several retrograde signaling pathways have been reported to date. Perhaps the earliest ac-
counts were observations that perturbations of plastid protein synthesis can trigger the down-
regulation of nucleus encoded plastid proteins (Bradbeer et al. 1979; Zubko et al. 1998; Nott
et al. 2006). A mutant screen for retrograde signals led to the discovery of the (GENOMES
UNCOUPLED (GUN) mutants, which are defective in the signal(s) required to represses ex-
pression of photosynthesis-associated nuclear genes (PhANG) in response to perturbations of
chloroplast development by the herbicide norflurazon (NF; Susek et al. 1993). Subsequently,
two intermediates in the synthesis of photosynthetic pigments, Mg-ProtoporphyrinIX (Mg-
ProtoIX) and haem, have been found to act as plastidic signals regulating nuclear gene ex-
pression. Haem is a product of tetrapyrrole biosynthesis that acts as a positive retrograde
signal from plastids in algae (Gromoff et al. 2008) and potentially in higher plants (Wood-
son et al. 2011). Mg-ProtoIX is induced by NF treatment and manipulation of Mg-ProtoIX
perturbs the retrograde response (Strand et al. 2003; Kindgren et al. 2012). Mg-ProtoIX also
interacts with intermediary cytosolic targets such as HSP90 (Kindgren et al. 2011; Kindgren
et al. 2012). In addition, production of Reactive Oxygen Species (ROS), such as Hydrogen
Peroxide (H2O2) and singlet oxygen (1O2) can trigger specific changes in nuclear gene ex-
pression (Apel et al. 2004; Galvez-Valdivieso et al. 2010; Suzuki et al. 2012).
Recently, several new retrograde signals and signaling pathways have been proposed (Es-
tavillo et al. 2013). β-cyclocitral, a carotenoid oxidation product accumulates during stress
and triggers changes in nuclear gene expression (Ramel et al. 2012). Dual localised proteins
capable of moving between the chloroplast and nucleus, such as the PHD transcription factor
with transmembrane domains (PMT; Sun et al. 2011) and the Whirly protein (Isemer et al.
2012) could also constitute mechanisms for retrograde signal transduction . In addition, the
volatile isoprenoid precursor methylerythritol cyclodiphosphate (MEcPP) is another poten-
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tial signal from the chloroplast (Xiao et al. 2012). Nevertheless, there remains considerably
more understanding about the initiation of signalling cascades in the chloroplast and tran-
scriptional changes in the nucleus; while, the intervening steps in retrograde signaling are
the subject of ongoing investigations.
Environmental stresses that perturb photosynthesis, such as Excess-light (EL) and drought,
induce ROS, changes in the redox state of plastoquinone, and changes in Abscisic Acid (ABA)
concentration that are implicated in the EL response pathways (Karpinski et al. 1999; Vranová
et al. 2002; Nott et al. 2006; Rossel et al. 2006; Lee et al. 2007; Pogson et al. 2008; Breusegem
et al. 2008; Foyer et al. 2009; Galvez-Valdivieso et al. 2009; Kleine et al. 2009; Pfannschmidt
2010; Wilson et al. 2009). In the nucleus, EL exposure alters the expression of >700 genes
(Rossel et al. 2006), including ASCORBATE PEROXIDASE 2 (APX2) (Karpinski et al. 1999;
Rossel et al. 2006) and EARLY LIGHT INDUCIBLE PROTEIN 2 (ELIP2) (Harari-Steinberg et al.
2001; Kimura et al. 2003). Expression of a number of key transcription factors is activated by
EL, including DROUGHT RESPONSE BINDING 2A (DREB2A) and SALT TOLERANCE ZINC
FINGER 10 (ZAT10); the latter can regulate the expression of 18% of the EL transcriptome,
including APX2 (Rossel et al. 2006). Other EL-inducible genes, such as ELIP2, are regulated
by cryptochromes (Kleine et al. 2007).
To identify steps between the initiation of plastid retrograde signals and perception in the
nucleus, screens for altered gene expression during oxidative stress have identified a series of
mutations, including executer1 (ex1), regulator of APX2 1 (rax1), and altered expression of APX2
8 (alx8) (Ball et al. 2004; Wagner et al. 2004; Rossel et al. 2006; Wilson et al. 2009). Yet, the
identity of the retrograde signals for the multiple biogenic and operational pathways remain
unknown. The alx8 mutant exhibits constitutive upregulation of 25% of the EL-regulated
transcriptome, including ZAT10, DREB2A, ELIP2, and APX2, along with hyperexpression
of these transcripts upon EL stress (Rossel et al. 2006; Wilson et al. 2009). Indeed, as 70%
of EL-inducible genes are also upregulated by drought (Kimura et al. 2003), it was not sur-
prising that the alx8 mutant is also drought tolerant, surviving water deprivation up to 50%
longer than wild-type plants. These phenotypes are caused by a lesion in the SAL1 gene
and implicate SAL1 as a component of EL and drought stress signalling networks (Wilson
et al. 2009; Hirsch et al. 2011). SAL1 expression co-localises with APX2 (measured by LU-
CIFERASE (LUC) activity of a translational-fusion of the APX2 promoter and LUC), with the
loss of SAL1 leading to increased APX2 expression (Rossel et al., 2006; Wilson et al., 2009)
and reduced H2O2 levels in the vascular tissue (Estavillo et al. 2011). This demonstrates that
the elevated expression of APX2 and other EL-regulated genes is not due to elevated lev-
els of H2O2. Furthermore, contrasting results had previously been obtained regarding the
sub-cellular localisation of SAL1 , with suggestions of chloroplastic (Rodriguez et al. 2010),
nuclear (Kim et al. 2009) and cytosolic (Zhang et al. 2011) localisation. Significantly, this dis-
crepancy was resolved using three different methods to unequivocally establish that SAL1 is
expressed in both the chloroplast and mitochondria (Estavillo et al. 2011).
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The SAL1 enzyme is a phosphatase that hydrolyses a phosphate group from both phospho-
nucleotides and inositol polyphosphates in vitro (Quintero et al. 1996; Xiong et al. 2001b).
Inositol 1,4,5- trisphosphate (IP3) was viewed as one of the most logical targets for SAL1
in vivo (Xiong et al. 2001b; Zhang et al. 2011). However, other findings using mutants and
transgenic plants implicated 3’-phosphoadenosine 5’-phosphosulfate (PAPS) (Rodriguez et
al. 2010) or 3’-phosphoadenosine 5’-phosphate (PAP) (Gy et al. 2007; Kim et al. 2009) as the
substrate of SAL1. The enzymatic activity of recombinant SAL1 is similar for both phospho-
adenosines (Gil-Mascarell et al. 1999); however, the phosphatase activity against IP3 is only
4% of that against PAP (Xiong et al. 2001b).
PAP is produced from PAPS during sulphation reactions catalysed by cytosolic sulfotrans-
ferases (Klein et al. 2004). Although PAP was originally viewed as a byproduct with no
physiological function in plants, it can inhibit the activity of the two yeast (Saccharomyces
cerevisiae) 5’- 3’ EXORIBONUCLEASEs (XRNs), thereby altering RNA catabolism (Dichtl et
al. 1997). Lithium is a strong inhibitor of the yeast SAL1 homolog (Sc-SAL1) and exogenous
administration of lithium to yeast results in an increase in cellular PAP levels (Murguia et al.
1995) sufficient to inhibit XRNs, resulting in the accumulation of transcripts targeted by Xrn1
(Dichtl et al. 1997; Dijk et al. 2011). Moreover, a PAP concentration of 0.1 mM inhibits the in
vitro activity of the two yeast XRNs by 40 to 65% (Dichtl et al. 1997). SAL1 has recently been
linked to several developmental and morphological processes in plants (Robles et al. 2009;
Rodriguez et al. 2010; Wilson et al. 2009; Zhang et al. 2011). Interestingly, exoribonuclease (xrn)
mutants in Arabidopsis thaliana (Arabidopsis) have similar leaf and root morphologies to sal1
mutants (Gy et al. 2007; Hirsch et al. 2011).
To date, there have been several conflicting reports regarding the in planta substrate of SAL1;
hence, the enzyme’s biological function remains uncertain (Gy et al. 2007; Quintero et al.
1996; Rossel et al. 2006; Xiong et al. 2001b). Moreover, our recent finding that SAL1 localises
to the chloroplast necessitates a re-appraisal of the enzyme’s function. Mutation of SAL1
dramatically alters gene expression in the nucleus and given that SAL1 is localised in the
chloroplast, these changes are likely to be mediated by retrograde signals. A distinction must
be made between a direct and indirect role in retrograde signalling. Mutation of SAL1 could
merely perturb the chloroplast, activating downstream signalling pathways, which is distinct
from a direct role in a retrograde pathway. In fact, alx8 chloroplasts are slightly abnormal in
appearance owing to the absence of transitory starch granules that accumulate in wild-type
plastids (Wilson et al. 2009). In addition, alx8 has a significantly altered metabolic profile
(Wilson et al. 2009). Thus, perturbations within the chloroplast may lead to the activation
of retrograde signalling pathways and consequently changes in nuclear gene expression. On
the other hand, SAL1 is already directly implicated in stress signal transduction (Wilson et al.
2009), excess light signal transduction (Rossel et al. 2006), and photoreceptor light perception
pathways (Kim et al. 2009). Hence, this thesis sought to investigate whether SAL1 itself could
be a direct component of a retrograde signalling pathway.
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In this chapter, a direct role for SAL1 in retrograde signalling is demonstrated. It is shown
that sal1mutants phenocopy xrnmutants, both physiologically and transcriptomically, impli-
cating PAP as the physiologically relevant substrate of SAL1 and a regulator of thousands of
nuclear genes. Evidence is presented that PAP accumulates in sal1 mutants and also during
abiotic stress in wild-type plants, and further investigations by colleagues confirm that PAP
is the biologically relevant substrate of sal1 in plant rather than IP3. By re-targeting SAL1 to
the nucleus it is demonstrated that PAP is mobile within the cell and capable of acting as a
retrograde signal. Thus, a SAL1-PAP-XRN retrograde pathway that can alter nuclear gene
expression during EL and drought stress is proposed.
Methods
Plant Material and Growth of Plants
Plant growth and drought stress conditions were as previously described (Wilson et al. 2009).
Seeds from fiery1-6 (fry1-6) (SALK_020882) expressing a truncated sal1 (AT5G63980) cDNA
(Kim et al. 2009) and the exoribonuclease2-1 exoribonuclease3-3 (xrn2-1xrn3-3) double mutant
(Gy et al. 2007) were donated by A.G. von Arnim (University of Tennessee). Seeds for fatty
acid oxygenation up-regulated 8 (fou8) and SSU:ScSAL1-complemented fou8 (Rodriguez et al.
2010) were kindly provided by E.E. Farmer (University of Lausanne). Drought treatment
were applied by with-holding water from 3 week old plants and monitoring for visible wilt-
ing, then viability was was calculated as described by Woo et al. (2008) and Wilson et al.
2009 from measurements of the maximum efficiency of photosystem II (FvFm ) using chloro-
phyll fluorescence. RWC was calculated as [Fresh weight (FW)-Dry Weight (DW)] / [Turgid
Weight (TW)-Dry Weight (DW)]. Mutants in EXORIBONUCLEASE 4 (XRN4), exoribonucle-
ase4-6 (xrn4-6) (SALK_ 014209) and ethylene-insensitive 5 (ein5-6) (Olmedo et al. 2006) were
recovered in the SAIL and SALK sequence-indexed T-DNA insertion collections (Alonso et
al. 2003; Sessions et al. 2002) obtained from the The Arabidopsis Biological Resource Center,
Ohio State University (ABRC). All insertion mutants were confirmed by PCR and primers
are listed in Supplementary Data Table 1.2.
The xrn2-1xrn3-3 alleles used here were as previously described (Gy et al. 2007), xrn2-1
is a T-DNA knockout allele and xrn3-3 is a knock-down owing to a T-DNA insertion in
the promoter (xrn3 knockout alleles are not recoverable owing to lethality, Gy et al. 2007;
Zakrzewska-Placzek et al. 2010). Quantitative PCR was undertaken to confirm a reduced
abundance of XRN2 and XRN3 transcripts. XRN3 transcript abundance was significantly
reduced in xrn2-1xrn3-3; however, the primers used to amplify XRN2 detected WT levels
of XRN2 in the double mutant (Figure 1.11) despite design of the qPCR primers to amplify
across the putative T-DNA insertion site as predicted by the ABRC. When the XRN2 cDNA
was further interrogated at a region further downstream of the putative T-DNA insertion
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site, a large insertion event could be clearly detected using a combination of gene specific
primers and a T-DNA left broader primer, confirming the absence of a functional copy of
XRN2 cDNA. In addition, XRN2 was found to be the most down-regulated transcript in
xrn2-1xrn3-3 by microarray analysis (Supplemental Data Set 1.3 online).
Ethylene triple response
Phenotypic analysis of the triple response following exposure to ethylene was conducted as
described in Larsen et al. (2008). Ethylene is readily produced by plants from the precursor
1-aminocyclopropane carboxylic acid (ACC), which can be added directly to growth media.
Sterilised and stratified seed were sown on Murashige and Skogg (GibcoBRL, MD USA) (MS)
media plates (0.5 x MS, 1% sucrose, pH 5.8, 1% agar) with and without 10 µMACC, wrapped
in foil and placed vertically for 3 days at 23 ◦C before being accessed for triple-response
parameters.
RNA Isolation and qPCR
Total RNA was extracted from 50 m g of leaf tissue using the Spectrum Total RNA kit
(Sigma-Aldrich). RNA was reversed transcribed into cDNA using Super Script III (Invitro-
gen) and oligo(dT18VN) primers. Gene expression was analysed by quantitative real-time
PCR (qPCR) on a Roche LightCycler480 using Sybr Green (Roche Diagnostics) and applying
the relative quantification method described by Pfaffl 2001. Samples were normalised against
CYCLOPHILIN 5 (CYP5), GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE C2
(GAPC2) or PROTEIN PHOSPHATASE 2A SUBUNIT A3 (PP2AA3). At least three biological
replicates per genotype per experiment were sampled, and each sample was run in triplicate.
Primers used are listed in Supplementary Data Table 1.2..
Global Transcript Analyses
Analysis of the changes in transcript abundance between Columbia-0 (Col-0), xrn4 (ein5-6),
alx8, and xrn2-1xrn3-3 plants were performed using Affymetrix GeneChip Arabidopsis ATH1
genome arrays. Whole rosettes from several plants at the 10 true leaf stage of development
(synchronised for development to account for the slower growth rate of alx8), grown under
a 16-h photoperiod, were pooled for each biological replicate. Col-0 and mutant tissue
samples were collected in biological triplicate. For each replicate, total RNA was isolated
using the RNeasy plant mini protocol (Qiagen) and quality verified using a Bioanalyzer
(Agilent Technologies), and spectrophotometric analysis was performed to determine the
A260:A280 and A260:A230 ratios. Preparation of labeled copy RNA from 400 n g of total
RNA (3’ IVT Express kit; Affymetrix), target hybridisation, as well as washing, staining, and
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scanning of the arrays were performed exactly as described in the Affymetrix GeneChip
expression analysis technical manual, using an Affymetrix GeneChip Hybridization Oven
640, an Affymetrix Fluidics Station 450, and an GeneChip Scanner 3000 7G at the appropriate
steps.
Data quality was assessed using GCOS 1.4 before CEL files were exported into AVADIS
Prophetic (version 4.3; Strand Genomics) and Partek Genomics Suite software, version 6.3,
for further analysis. MAS5 normalisation algorithms were performed only to generate
present/absent calls across the arrays. Probe sets that recorded absent calls over 11 or more
of the gene chips analysed were removed. Bacterial controls were also removed, resulting
in a final data set of 16,022 probe identifiers. CEL files were also subjected to GC-content
background Robust Multi-array Average normalisation for computing fluorescence intensity
values used in further analyses. Correlation plots were examined between all arrays using
the scatterplot function in the Partek Genomics Suite, and in all cases r ≥ 0.98 (data not
shown). The values of gene expression after normalisation with GC-content background
Robust Multi-array Average were analysed to identify differentially expressed genes by a
regularised t test based on a Bayesian statistical framework using the software program
Cyber-T (Baldi et al. 2001) (http://cybert.microarray.ics.uci.edu/). Cyber-T employs a
mixture model-based method described by Allison et al. 2006 for the computation of the
global false-positive and false-negative levels inherent in a DNA microarray experiment. To
accurately control for FDR and minimise false positives within the differential expression
analysis, posterior probability of differential expression PPDE(P) values and PPDE(>P)
values were calculated, as a means to measure the true discovery rate (1 − FDR). Changes in
transcript abundance were considered significant with a PPDE(>P) >0.95 and a fold change
>1.5-fold.
Overlaps in the transcript abundance responses for the different genotypes were plotted
on Venn diagrams to determine statistically significant over- or underrepresentation in
the overlap, compared with that which is expected by random chance, using a Pearson’s
chi-squared (x2) test for independence.
Extraction of Adenosine Derivatives
Adenosine derivatives were extracted in HCl and quantified fluorometrically after specific
derivatisation of adenosine compounds with chloroacetaldehyde (CAA) based on a method
previously described (Breusegem et al. 2008). Briefly, 100 m g of tissue was ground in liq-
uid nitrogen, extracted with 1 mL of 0.1 M HCl in ice for 15 min, and centrifuged twice at
16,000g at 4 ◦C for 5 min. After clarification, 150 µLof the supernatant mixed with 770 µLof
8 Chapter 1: PAP-XRN retrograde signalling
CP buffer [620 mM citric acid-1-hydrate and 760 mM Na2HPO4.2H2O, pH 4) was deriva-
tised by adding 80 mL of 45% (v/v) chloroacetaldehyde for 10 min at 80 ◦C. The sample
was finally centrifuged at 16,000 g for 45 min at 20 ◦C before injection into the HPLC. The
commercial standards used were as follows: adenosine (Sigma-Aldrich; A9251), ADP sodium
salt (Sigma-Aldrich; A2754), AMP (Fluka; catalog number 1930), APS sodium salt (Sigma-
Aldrich; A5508), ATP (Sigma-Aldrich; A-5394), PAP (Sigma-Aldrich; A5763), PAPS (Sigma-
Aldrich; A1651), and S-(5’-adenosyl)-L-Met chloride (Sigma-Aldrich; A7007).
HPLC of Adenosine Derivatives
The analyses of adenosines was performed by reverse-phase HPLC on a Gemini-NX 5-mm
C18 110A column (Phenomenex) connected to Waters 600E HPLC system and Waters 474
fluorescent detector (Waters). The gradient for separation of PAP was optimised as follows:
equilibration of column for 0.2 min with 95% (v/v) of buffer A (5.7 mM [CH3(CH2)3]4N
HSO4 and 30.5 mM KH2PO4, pH 5.8) and 5% (v/v) buffer B (67% [v/v] acetonitrile and 33%
[v/v] buffer A), linear gradient for 53 min up to 50% (v/v) of buffer B, and re-equilibration
for 7 min with 5% (v/v) buffer B. Chromatograms were recorded and processed with the
Milenium32 software (Waters) and edited using Adobe Illustrator (Adobe). PAP was quanti-
fied based on comparisons to a standard curve (1.5) and normalised to Dry Weight or Fresh
Weight.
Results
Directly measuring PAP perturbations in sal1 mutants
Reports in the literature suggest that loss of PAP-phosphatase activity may be the cause of
the array of novel phenotypes exhibited by sal1 mutants (Gy et al. 2007; Kim et al. 2009);
however, this speculation has never been directly tested. To analyse the adenosine nucleotide
profile of plants and investigate if PAP, or PAPS, could be the in vivo substrate of SAL1,
we developed a highly sensitive and specific fluorescence labelling-based HPLC method for
quantification of adenosine nucleotides.1 To my knowledge this is the first time PAP or PAPS
levels have ever been measured in plants. Using this technique, adenosines could be ex-
tracted and derivatised to clearly separate and quantify PAP and PAPS based on their peaks
in HPLC chromatograms using fluorescence spectroscopy. HPLC analysis revealed that PAP
accumulates in both the sal1mutant alleles tested (Figure 1.1, Table 1.1). The alx8mutant har-
bours a point mutation in SAL1 that renders the recombinant protein enzymatically inactive
(Wilson et al. 2009) and the fry1-6 allele is a T-DNA insertional mutant (SALK_020882), both
1Technique developed by Dr Markus Wirtz of the Heidelberg Institute for Plant Sciences, Heidelberg, Germany,
and Gonzalo Estavillo (ANU) in collaboration.
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mutants lack detectable SAL1 protein. In wild-type plants the concentration of PAP in leaf
tissue was found to be around 1.4 pmol mg−1Fresh Weight (FW). By contrast, PAP accumu-
lates to between 9.7 and 13.7 pmol mg−1FW in the sal1 mutants. There was also a significant
but minor increase in PAPS in alx8 and no significant changes in adenosine 5’-phosphosulfate
(APS), the sole precursor of PAPS, and an intermediate in the synthesis of cystine (Cys). Sim-
ilarly, there was no significant change in GSH levels (the storage form of Cys). The specific
and substantial increase of PAP in sal1 mutants provides the first direct evidence that SAL1
has in vivo nucleotidase activity preferentially against PAP. Further evidence for this activity
was provided by analysis of transgenic fry1-6 plants expressing HAL2-LIKE (AHL). AHL is a
member of the Arabidopsis SAL1 gene family; however, AHL specifically lacks the IP3 activity
of SAL1 (Kim et al. 2009; Gil-Mascarell et al. 1999). AHL complemented fry1-6 plants exhibit
a partial reduction in PAP levels and a corresponding reversion in rosette morphology, from
the compact curly leaf phenotype of sal1mutants to a more expanded flat leaf with elongated
petioles (Figure 1.1). The elevated levels of PAP in fry1-6 plants were also be fully comple-
mented by expressing a SAL1-cDNA. Altogether, these results indicate that PAP is the major
biologically relevant in planta substrate of SAL1.
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Figure 1.1 – PAP accumulates in sal1 mutants and correlates with mutant rosette morphology.
(A) PAP concentration in leaf tissue of 45 day old plants measured by HPLC (n=5 , error bars
represents standard error and * indicates Tukey’s HSD test P<0.005 compared to Col-0).
(B) Representative plants harvested for the PAP measurements performed in (A).
PAP accumulates during drought in wild-type Arabidopsis plants
Given that the PAP accumulating alx8 mutant also exhibits increased drought tolerance, the
potential for PAP to play a role in drought signalling and acclimation in wild-type plants
2Experiment conducted collectively with Markus Wirtz and Gonzalo Estavillo
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Table 1.1 – Quantification of Nucleotide Phosphates and Glutathione-Related Metabolites.2
in response to drought and HL in wild-type plants. PAP levels
increased 30-fold in leaves of drought-stressed wild-type
plants, coincident with a substantial decrease in plant relative
water content (RWC) after 7 to 11 d of drought (Figure 3).
Analysis of variance (ANOVA) two-factor analyses indicated
strong interaction between day and genotype for RWC and
PAP, being significantly higher for alx8 relative to Col-0 (P <
0.001). This increase did not occur in the early phase of drought
and was observed only when there was a decline in RWC. A
similar trend was observed for alx8, but it was delayed, again
with PAP only rising as RWC declined. Similarly, exposure of
Col-0 plants to HL for just 1 h resulted in significantly (P < 0.005)
higher PAP levels than in plants kept at LL (0.9 6 0.2 versus
0.6 6 0.2 pmol of PAP/mg fresh weight [FW], respectively),
although this increase was much smaller than that observed
during drought. Taken together, these results revealed that the
level of the sulfur-related metabolite PAP was elevated in
mutants lacking SAL1 and increased in response to at least
two abiotic stresses.
SAL1 Localizes to Both Chloroplast and Mitochondria
Contrasting results have been obtained regarding the cellular
localization of SAL1 (Kim and von Arnim, 2009; Rodrı´guez et al.,
2010; Zhang et al., 2011). To resolve this debate, we used three
different methods to investigate SAL1 location. First, a full-length
SAL1 fused at the C terminus to GFP accumulated in both
chloroplasts and mitochondria of transiently transformed Arabi-
dopsis cells (Figure 4A). The chloroplasts andmitochondria were
visualized by red fluorescent protein (RFP) fused to either the
small subunit (SSU) of ribulose-1,5-bis-phosphate carboxylase/
oxygenase (Rubisco) transit peptide or to the targeting domain of
the ALTERNATIVE OXIDASE1 (AOX1), respectively. Second, to
verify that this expression pattern was not an artifact due to the
use of transitory expression systems, we generated stable
transgenic lines. SAL1:GFP fusion protein driven by the native
promoter showed SAL1 in both organelles in mesophyll proto-
plasts isolated from stably transformed pSAL1:SAL1:GFP plants
(Figure 4B). The chloroplasts were visualized by chlorophyll
fluorescence and the mitochondria by MitoRed. Effectively all
compartmentalized GFP could be attributed to either mitochon-
dria or chloroplasts, not nuclei. Third, we developed a new
chloroplast and cytosolic fractionation method (see Supplemen-
tal Figure 6 online and Methods) that allowed us to detect SAL1
unequivocally as an ;38-kD band in purified chloroplast and
mitochondria fractions of Col-0 leaves by immunological
methods (Figure 4C). The molecular mass of this band matches
that of the recombinant protein lacking the deduced 54–amino
acid chloroplast transit peptide (Wilson et al., 2009). The relative
purity of the fractions was demonstrated by probing with anti-
bodies against chloroplastic Lhcb, mitochondrial TOM40, and
cytosolic UGPase. UGPase was enriched in the cytosolic frac-
tion, and although there was a band in the chloroplast fraction, it
is of lower molecular mass than UGPase, and as it is the same
size as Rubisco, it is likely that this is a cross-reaction to Rubisco.
Significantly, neither Lhcb, TOM40, nor the unprocessed or
mature forms of SAL1 were detected in the cytosolic fraction.
We attempted to assay PAP from the cytosolic fractions used
for the protein purification, but we observed that PAP is labile in
tissue extracts, and as a consequence, it was not detected after
the lengthy purification procedure. However, analyses of phos-
phonucleotides from Col-0 chloroplasts prepared by a different,
more rapid protocol identified a peak that matched that of the
PAP standard, suggesting that PAP is present in the chloroplasts
of Arabidopsis (Figure 4D). All this evidence supports the con-
clusion that SAL1 accumulates in mitochondria and chloroplasts
and that PAP can be detected in chloroplasts.
Complementation of sal1Mutants Demonstrates That PAP
Regulates Nuclear Gene Expression
Having demonstrated that SAL1 is required for the catabolism of
PAP, we sought to investigate whether PAP could act as a mobile
signalwithin the cell, capable of entering the nucleus and regulating
geneexpression.Due to theaforementioned technical difficulties of
measuring adenosines in different cellular compartments, we used
a genetic approach to test the hypothesis of PAPmovement by the
analysis of plant lines with SAL1 targeted to different subcellular
compartments kindly provided by Kim and von Arnim (2009) and
Rodrı´guezet al. (2010). In theseearlier studies, the authors reported
on partial complementation of morphological phenotypes, but
neither PAP, nuclear gene expression, retrograde signaling, nor
stress tolerance was measured in these studies.
First, does the chloroplast-localized SAL1 regulate PAP con-
centration? Given the unexpected dual targeting of SAL1 to the
chloroplast and mitochondria, it was necessary to determine if
chloroplast-localized SAL1 can modulate PAP levels. Targeting
the yeast SAL1 (Sc-SAL1) to the chloroplast using the transit
peptide of the Rubisco SSU resulted in a significant (P < 0.01)
lowering of PAP levels and APX2 mRNA accumulation, demon-
strating that chloroplast localizationofSAL1 functions in regulating
PAP content and APX2 mRNA levels (Figures 5A and 5B).
Table 1. Quantification of Nucleotide Phosphates and Glutathione-Related Metabolites
Germplasm
PAP Metabolism Glutathione Metabolism
APS PAPS PAP Cys g-EC GSH
Col-0 4.2 6 1.4 1.1 6 0.1 0.6 6 0.2 4.8 6 1.0 2.7 6 0.6 176 6 48
alx8 3.8 6 0.2 1.8 6 0.1 11.8 6 1.4 8.1 6 3.4 4.5 6 1.6 197 6 62
ns P < 10!4 P < 10!4 P < 0.05 P < 0.05 ns
Metabolite concentrations were determined by HPLC for 30-d-old plants. g-EC, L-g-glutamylcysteine. Values are the concentration in pmol/mg FW 6
SD (n = 4). Individual P numbers compared to Col-0 after t test analyses assuming two-tailed and two-sample unequal variance are indicated. ns, not
significant.
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was investigated by monitoring PAP levels during a drought time course experiment. In
additio , PAP levels were analysed in response to EL in wild-type nd mutant pl nts. PAP
levels increased 30-fold in leaves of drought-stressed wild-type plants, coincident with a
substantial decrease in plant Relative Water Content (RWC) after 7 to 11 days of drought
(Figure 1.2). Two-way-Analysis of Variance (ANOVA) analyses indicated a strong interaction
between day and genotyp for RWC and PAP, being significantly high r for alx8 relative
to Col-0 (p < 0.01). This increase did not occur in the early phase of drought and was
largely observed when there was a decline in RWC. A similar trend was observed for alx8,
but it was delayed, again with PAP rising as RWC eclined. Similarly, expos re of Col-0
plants to EL for 1 hour resulted in significantly (p < 0.01) higher PAP leve s than in plants
measured at standard growth-light intensity (0.9 ±0.2 versus 0.6 ±0.2 pmol of PAP/mg FW,
respectively), although this increase was much sma ler than that observed during drought.
Take together, these results revealed that t e level of the sulfur-related metabolite PAP was
elevated in mutants l cking SAL1 and increased i respons to t least two abiotic str sses.
The intracellular PAP signal can be intercepted in the nucleus
To investigate the potential for PAP to operate as an intra-cellular retrograde signal capable
of entering the nucleus and regulating gene expression, the sub-cellular localisation of SAL1
was manipulated using avail ble transgenic plants. A g etic approach was employed to
test the hypothesis of PAP movem nt by the analysis of plant lines with SAL1 targeted to
different subcellular compartments (transgenic plants kindly provided by Kim et al. 2009).
In this previous study, the authors reported on partial complementation of morphological
phen types in sal1 mutants, but neither PAP, nuclear gene expression, retrograde signalling,
nor stress tolerance was measured. Re-targeting of SAL1 in the nucleus resulted in com-
plete complementation of APX2 and ELIP2 mRNA abundance and a restoration of wild-type
levels of both genes during drought and EL-stress (Table 1.2). The viability of plants in re-
sponse to terminal drought (Table 1.2) was also reverted. In addition, PAP levels were also
restored to WT levels (Figure 1.1). Thus, it is demonstrated that PAP can be catabolised by
2Experiment conducted by and Gonzalo Estavillo.
Results 11
Second, can PAP move between cellular compartments?
Targeting of SAL1 to the nucleus resulted in complete comple-
mentation of PAP levels (Figure 5A), APX2 mRNA abundance in
LL and drought-stressed leaves, ELIP2mRNA abundance in LL-
and HL-treated leaves, and the viability of plants in response to
terminal drought (Table 2). The combined results of the targeting
experiments indicate that the degree of complementation of PAP
levels is somewhat proportional to the degree of complementa-
tion of APX2 expression (Table 2, Figure 5). More importantly,
they show that PAP can be catabolized by either nuclear or
chloroplastic targeting of SAL1, demonstrating that PAP can
move between subcellular compartments.
SAL1andNuclearXRNsCoregulateaLargeSubsetofGenes
Given that PAP levels are elevated in sal1 mutants, and PAP is
known to inhibit the activity of the yeast XRNs (Dichtl et al., 1997;
van Dijk et al., 2011), we hypothesized that PAP could regulate
the expression of stress-responsive genes via attenuation of XRN-
mediated RNA catabolism. Although the Arabidopsis XRNs are
less well characterized than their S. cerevisiae counterparts, they
play key roles in multiple RNA processing pathways and as post-
transcriptional gene silencing suppressors (Kastenmayer and
Green, 2000; Souret et al., 2004; Gy et al., 2007; Zakrzewska-
Placzek et al., 2010). The XRNs belong to a small gene family in
Figure 3. PAP Accumulates during Drought in Arabidopsis.
(A) Correlation between RWC of plants and PAP concentration on a dry weight (DW) basis6 SD (n > 8) during drought. The day in drought is indicated in
italics. Measurements performed as in Figure 2 and Supplemental Figure 4 online. Data were fitted to exponential curves, and results are shown in the
table (R2, correlation coefficient). ANOVA two-factor analyses indicated a highly significant difference for day3 genotype for RWC and PAP (P < 0.005).
(B) Images of representative plants harvested for the PAP measurements performed in (A).
SAL1-PAP–Mediated Retrograde Signaling 3997
Figure 1.2 – PAP Accumulates during Drought in Arabidopsis.
(A) Correlation between RWC of plants and PAP concentration on a Dry Weight (DW) basis
±standard deviation (n > 8) during drought. The day in drought is indicated in italics. Data were
fitted to exponenti l curves, and results ar shown in th table (R2, correlation coefficient).
Two-way ANOVA analyses indicated a highly significant difference for day x genotype for RWC
a d PAP (P < 0.005).
(B) Represe tative plants harvested for the PAP measurements performed in (A).
12 Chapter 1: PAP-XRN retrograde signalling
nuclear (Table 1.2) targeting of SAL1, demonstrating that PAP can move between subcellular
compartments.3
Table 1.2 – Interception of the PAP signal in the nucleus. Survival of and Expression Levels of
Stress-Inducible Genes in Col-0, alx8 Mutants, and fry1-6 Complemented with SAL1 Directed to
the Cytosolic-Nuclear Compartment
Supplemental Figure 7 online). The uncleaved transcripts did not
increase; rather, the 39 cleavage products for ATHB15, PHB,
MYB33, and REV accumulated to higher levels in both sal1
mutants compared with the wild type, with MYB33 showing the
highest increase (sixfold). The accumulation of 39 cleavage prod-
ucts in alx8 that should otherwise be degraded by XRNs is
consistent with XRNs being inhibited in SAL1 mutants.
To determine if XRNs and SAL1-PAP regulate a common set of
genes, we undertook gene expression profiling in the PAP-accu-
mulating alx8 mutant, xrn2 xrn3 double mutant, and xrn4 (ein5-6,
ethylene-insensitive5; Gregory et al., 2008). We used Affymetrix
GeneChip Arabidopsis ATH1 genome arrays to analyze global
changes in transcript abundance between Col-0 and the mutant
genotypes.Whole rosettes of seedlings at the 10 true leaf stage of
development were used for analysis of each genotype. We found
that for alx8 and xrn2 xrn3, there were 4038 and 2433 transcripts,
respectively, that showed a significant change in transcript abun-
dance (>1.5-fold, false discovery rate [FDR] corrected at P < 0.05)
relative to Col-0 (Figure 6A; see Supplemental Data Set 1online).
By contrast, only 156 transcripts were significantly altered in xrn4
compared with Col-0. This low level of transcriptome change in
xrn4 is consistent with previous transcriptome profiling data of
xrn4 (Souret et al., 2004; Germanet al., 2008; Gregory et al., 2008).
More importantly, there was a large and significant overlap
between thealx8and xrn2 xrn3 transcript profiles (Figure6B).Of the
1404 genes upregulated in xrn2 xrn3 (relative to Col-0), 50% (680
transcripts) were also upregulated in alx8, which is a significantly
greater overlap than would be expected by random chance (P <
0.05), while only 14 transcripts showed an antagonistic response
(i.e., were downregulated in alx8), which is statistically fewer than
wouldbeexpectedby chance (P<0.05; seeSupplemental Figure 8
online). Similarly, in the downregulated transcript set, there was a
significant overlap of 64% (611of 954 transcripts) between the xrn2
xrn3 transcriptome and that of alx8, again with lower levels of
antagonistic change than would be expected by random chance
(24 transcripts; P < 0.05; see Supplemental Figure 8 online).
Additionally, coexpression of four highly upregulated transcripts
in the alx8microarray (Wilson et al., 2009) in alx8 and xrn2 xrn3was
confirmed by qRT-PCR (see Supplemental Table 2 online). Fur-
thermore, the fold change of all genes upregulated by more than
fivefold was also comparable for xrn2 xrn3 and alx8 (Table 3).
Transcripts encoding transferases, transporters, hormone-related
transcription factors, and starch synthase were coexpressed in
both alx8 and xrn2 xrn3 to the same extent (Table 3).
Finally, comparison of all coexpressed genes up- or down-
regulated by more than threefold against a series of microarray
experiments (Hruz et al., 2008) revealed a high degree of coex-
pression under HL, ABA, drought stress, and a combined moder-
ate HL and mild drought on a plant with a defective mitochondrial
stress-inducible protein, AOX1A (Giraud et al., 2008) (Figure 7).
This same set of genes was not differentially expressed in LL
or under different light quality and wavelengths, nor was the
set similarly coexpressed upon treatment with the plastid transla-
tional inhibitor, lincomycin, that suppressesGUN-regulatedgenes.
Both H2O2, known to induce some HL-responsive genes, and the
mitochondrial respiratory complex I inhibitor, rotenone (Clifton
et al., 2005; Garmier et al., 2008), resulted in increased expression
of some of the upregulated genes, but the converse was observed
for the downregulated genes. This suggests the coexpressed set
of SAL1- and XRN2 XRN3–regulated genes respond to specific
organelle signals, such as HL, but not translational inhibitors, such
as lincomycin.
Nuclear XRNs Regulate the Induction of HL and Drought
Stress Genes
To investigate further the potential role of PAP in stress signal
transduction pathways, we focused on the expression of the
model chloroplast stress-responsive genes ELIP2 and APX2 in
the xrn mutants. Our analysis of xrn4/ein5-6 transcriptome data
Table 2. Survival of and Expression Levels of Stress-Inducible Genes in Col-0, alx8 Mutants, and fry1-6 Complemented with SAL1 Directed to the
Cytosolic-Nuclear Compartment
Genotype Col-0 fry1-6 fry1-6 + trSAL1 alx8
SAL1 proteina Endogenous ! Truncated !
SAL1 location C, M ! N !
Survival (days)b
Experiment 1 7.7 6 0.4 (7) 11.0 6 0.4 (7) 8.1 6 0.2 (14) 11.1 6 0.3 (7)
Experiment 2 13.4 6 0.2 (9) 17.0 6 0.3 (6) 11.8 6 0.2 (9) 15.2 6 0.2 (8)
APX2 mRNAc
Control 1 6 0 661.7 6 133.2 0.5 6 0 313 6 15.2
Drought 5.9 6 1.3 501 6 28.6 6.5 6 1.9 274 6 33.1
ELIP2 mRNA
LL 1 6 0.2 87 6 63 1.5 6 0.6 109 6 19
HL 347 6 93 3490 6 993 711 6 140 4191 6 1336
aThe SAL1 protein lacking the chloroplastic transit peptide (trSAL1) accumulates in the nucleus (N) (Kim and von Arnim, 2009). C, chloroplast; M,
mitochondria; !, absent.
bSurvival time, or the number of days plants remain viable, during drought was calculated as described by Woo et al. (2008) from measurements of the
maximum efficiency of photosystem II (FvFm) using chlorophyll fluorescence. Values represent the average of days 6 SE; numbers of replicates are
indicated in parentheses. Two independent experiments were conducted at different times.
cThe expression levels (fold change) of APX2 in plants grown in control conditions or after 9 d of drought were measured by qRT-PCR. ELIP2message
was quantified in the same manner but for plants after 1 h of LL or HL (1500 mmole m!2 s!1). The values represent the relative mRNA levels compared
to the Col-0 control 6 SE (n = 3).
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sal1 mutants exhibit the miRNA and ethylene defective phenotypes of xrn
mutants
Given that PAP levels ar levated in sal1 mutant , a that PAP is known to inhibit the
activity of the yeast XRNs (Dichtl et al. 1997; Dijk et al. 2011), it was hypothesised that PAP
and SAL1 could regulate the expression of stress-responsive genes via attenuation of the ac-
tivity of the XRNs. Although the Arabidopsis XRNs are less well characterised than their S.
cerevisiae c unterparts, they play key roles i multiple RNA processing pathways and as Post
Transcriptio al Gene Silencing (PTGS) suppressors (Gy et al. 2007; Kastenmayer t al. 2000;
Souret et al. 2004; Zakrzewska-Placzek et al. 2010). The XRNs belong to a small gene family in
Arabidopsis with three members. EXORIBONUCLEASE 2 (XRN2) and EXORIBONUCLEASE
3 (XRN3) a h mologs of Xrn2p/R t1p a d are nuclear localised. By contrast, the cytosolic
XRN4 is a func ional homolog of S. cerevisiae Xrn1p (Kastenmayer et al. 2000). Identified sub-
strates of XRN2 and XRN3 are excised hairpin loops that form part of precursor microRNA
(miRNA) transcripts, which also accumulate in fry1-6 (Gy et al. 2007). On the other hand,
XRN4 is involve in mRNA decay, in particular degrading the resulting 3’ cleavage products
produced by miRNA silencing of target transcripts (Souret et al. 2004).
3Experiments were also conducted by Gonzalo Estavillo to measure PAP in purified extracts from sub-cellular
fractions. PAP could be detected in chloroplastic fractions, however technical obstacles prevent detection of PAP in
nuclear or cytosolic fractions likely due to the lengthy extraction process and lability of PAP (Estavillo et al. 2011).
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Given the links between the XRNs and PTGS, genome-wide transcriptomic data from alx8
was analysed (Wilson et al. 2009) for links to miRNA regulation. This analysis revealed that
transcript levels for 30 genes that are confirmed targets of miRNAs (list compiled based on
Griffiths-Jones et al. 2006; Griffiths-Jones et al. 2008; GriffithsJones 2004; Kozomara et al. 2014;
Kozomara et al. 2011; miRBase 2012; German et al. 2008; Gregory et al. 2008) were altered by
at least twofold (Table 1.3). The GeneChip Arabidopsis ATH1 Genome Arrays used for tran-
scriptome analysis are 3’ IVT Expression arrays; hence, the probes are concentrated toward
the 3’ region of genes. Therefore, it was examined whether increased expression of miRNA
targets reflected increased abundance of full-length mRNAs or accumulation of cleaved tran-
scripts (presumably due to inhibition of XRN4 by elevated PAP levels). Quantitative PCR
was undertaken for four miRNA targets previously show to accumulate in xrn4-6 mutants
(Souret et al. 2004), using primers specific for 3’ sequences or spanning the miRNA cleavage
site (Figure 1.3). Full-length, uncleaved transcripts were found to be unchanged in alx8 and
fry1-6 relative to Col-0 levels. By contrast (and consistent with previous reports, Gy et al.
2007), the 3’ cleavage products for CRN, PHB, MYB33 and PHV accumulated to higher levels
in both sal1mutants compared with the wild-type, with MYB33 showing the highest increase
(sixfold). Accumulation of 3’ cleavage products was observed in all tissues tested, including
seedlings, 3 week old leaves and un-opened flower buds. The accumulation of 3’ cleavage
products in alx8 and fry1-6 is consistent with an inhibition of the XRNs, and corroborates
previous evidence that PAP is the biologically significant substrate of SAL1.
Curiously, however, in these experiments xrn4-6 and ein5-6 did not show accumulation of
cleavage products, which is in contrast to previous reports (Souret et al. 2004). This result
was consistent across all tissues tested (Figure 1.3). Although in the previous study two
different T-DNA insertion alleles (xrn4-4 xrn4-5) were used. Both the xrn4-6 and ein5-6 mu-
tations were re-confirmed by PCR-genotyping. To further corroborate the presence of the
mutations, both mutants were analysed for their reported ethylene insensitive phenotypes
(Gregory et al. 2008; Olmedo et al. 2006; Potuschak et al. 2006). Ethylene is readily produced
by plants from the precursor ACC which can be added directly to growth media (Larsen et al.
2008). Ethylene treatment of seedlings in the dark evokes the triple-response phenotype con-
sisting of the formation of a pronounced apical hook, shortening and thickening of both the
hypocotyl and root and a proliferation of root hairs. When xrn4-6 and ein5-6 were grown on
media containing 10 µMACC, they displayed impaired response to ACC compared to Col-0
(Figure 1.4 A). In particular, significant hypocotyl elongation was observed on ACC (p < 0.05
compared to WT, Figure 1.4 B and C), typical of ethylene insensitivity. Interestingly, the sal1
mutants appeared to also display ethylene insensitivity, with little change in hypocotyl length
observed on ACC compared to control. This may reflect a constitutive ethylene response or
perhaps hypersensitivity to endogenous levels. This assay confirmed that xrn4-6 and ein5-6
display phenotypes consistent with the presence of mutations impairing gene function; thus,
it is unclear why xrn4-6 and ein5-6 do not accumulate appreciable levels of the 3’ cleavage
products analysed. Nevertheless, both sal1 and fry1-6 accumulated RNA decay intermediates,
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which is entirely consistent with PAP-mediated inhibition of exoribonuclease activity.
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miRNA Target Loci Target Gene Fold Change
miR396 AT2G22840 GRF1 28.85
miR396 AT4G37740 GRF2 19.92
miR160 AT4G30080 ARF16 16.06
miR159 AT3G11440 MYB65 14.82
miR171 AT2G45160 HAM1 12.96
miR855 AT2G36400 GRF3 12.22
miR160 AT2G28350 ARF10 11.34
miR161/ ta-siR2140 AT1G63130 F16M19.5 9.53
miR165 AT2G34710 PHB 5.77
miR171 AT4G00150 HAM3 5.56
miR161/ ta-siR2140 AT1G63080 F16M19.17 4.87
miR160 AT1G77850 ARF17 4.80
miR472 AT5G43740 MQD19.7 4.65
miR165 AT1G30490 PHV 4.11
miR161 AT1G63150 F16M19.3 4.11
miR398 AT1G08830 CSD1 3.62
miR398 AT2G28190 CSD2 3.37
miR165 AT5G60690 REV 3.09
miR165 AT1G52150 CNA 3.01
miR170 AT3G60630 HAM2 2.85
miR162 AT1G01040 DCL1 2.84
miR159 AT5G06100 MYB33 2.69
miR395 AT4G14680 APS3 2.49
miR393 AT3G62980 TIR1 2.10
miR169 AT1G72830 HAP2C -2.41
miR778 AT2G22740 SDG23 -2.50
miR775 AT1G53290 F12M16.19 -2.51
miR156 AT1G53160 SPL4 -3.91
miR169 AT3G05690 HAP2B -3.95
miR395 AT5G43780 APS4 -5.00
Table 1.3 – Expression levels of miRNA targets in alx8.
Expression levels for each transcript were determined by analysis of ATH1 GeneChip Microarray
data on alx8 (Wilson et al. 2009). Fold change relative to Col-0 (n=3). A list of around 200
experimentally validated miRNA targets was collated from miRBase (miRBase 2012) and German
et al. 2008.
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Figure 1.3 – alx8 accumulates 3’ cleavage products produced by miRNA silencing.
(A) Relative abundance of the uncleaved CRN, PHB, MYB33 and PHV transcripts in leaves of
3-week-old plants, assayed with primers spanning the miRNA cleavage site (n=3).
(B) Relative abundance of the 3’ end of the CRN, PHB, MYB33 and PHV transcripts, assayed with
primers downstream (3’) of the miRNA cleavage site. This amplicon represents the cumulative
abundance of both full-length and cleaved transcript, given the lack of difference in the 5’ assay
(A), the difference between genotypes here represents accumulation of cleaved transcripts.
(C) Relative abundance of MYB33 transcripts in 7-day-old seedlings. White bars represent
uncleaved transcripts, grey bars represent 3’ cleavage products (n=1, a pool of 7-10 seedlings was
used for each genotype).
(D) Relative abundance of MYB33 transcripts in unopened flower buds. White bars represent
uncleaved transcripts, grey bars represent 3’ cleavage products (n=2, a pool of >50 buds was used
for each replicate for each genotype).
For all qPCR assays, abundance is relative to Col-0 and normalised to PP2A or cyclophyllin, error
bars represents standard error and * indicates t test P<0.05 compared to abundance in Col-0.
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Figure 1.4 – xrn4 and sal1 mutants display ethylene insensitive phenotypes.
Ethylene sensitivity was assayed by observing ethylene triple response parameters of etiolated
seedlings germinated and grown vertically on MS-media with and without ACC in the media.
(A) Images of representative plants -ACC (upper panel) and with 10 µM ACC (lower panel).
(B) Hypocotyl length (mm) of etiolated seedlings with and without ACC in the media (* indicates
P<0.05 for Tukeys HSD test for control vs ACC for each genotype respectively).
(C) Ratio of treatment divided by control, representing the relative inhibition of hypocotyl length
upon treatment with ACC (specifically hypocotyl length +ACC was divided by the mean
hypocotyl length -ACC), * indicates P<0.05 for Tukeys HSD test for each genotype compared to
Col-0.
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Transcriptomic and physiological evidence for a retrograde signal acting
via the nuclear XRNs
To investigate the role of the XRNs in PAP-mediated retrograde signalling and stress tol-
erance, a number of the key phenotypes observed in sal1 mutants were assayed in the xrn
mutants. Constitutive up-regulation of APX2 is a hallmark phenotype (and the original
defining characteristic) of the alx8 mutant, in addition to drought tolerance (Rossel et al.
2006; Wilson et al. 2009). APX2 mRNA expression levels were assayed by qPCR in 3 week
old plants grown under standard growth conditions (Figure 1.5). Consistent with our pre-
vious findings, (Rossel et al. 2006; Wilson et al. 2009), APX2 was constitutively up 756 fold
(±104) in alx8, and the same was observed for the fry1-6 allele (638 ±192). Significantly, the
xrn2-1xrn3-3 double mutant displayed the same phenotype, with APX2 up-regulated by 152
fold (±42). This level of up-regulation is modest by alx8 standards; however, it is a very
significant increase compared to Col-0 where APX2 is barely detectable in the absence of
stress. By contrast, neither xrn4-6 or ein5-6 exhibited any change in APX2 transcript levels.
Next, five transcripts that showed significant up-regulation on the previous alx8 microarray
(Wilson et al. 2009) were randomly selected and assayed in the xrn2-1xrn3-3 mutant. All 5
transcripts displayed the same trend of increased expression in alx8 as observed previously
(Table 1.4). Significantly, with 4 out of the 5 transcripts analysed, the xrn2-1xrn3-3 mutant
phenocopied the alx8 mutant.
All genotypes were also assayed for drought tolerance in a terminal drought experiment.
Significantly, in parallel investigations in collaboration, we have shown that a triple mutant
in both the cytosolic and nuclear XRNs was better able to survive drought when compared
with the wild-type in a soil-based experiment (Hirsch et al. 2011), indicating that XRNs are
regulators of the drought response. To confirm this result and to further elucidate whether
the cytosolic or nuclear XRNs mediate the drought response, the degree of drought tolerance
of cytosolic xrn4-6 and ein5-6, nuclear xrn2-1xrn3-3 and sal1 mutants were investigated. Both
sal1 mutants survived the drought almost 50% longer compared with the wild-type (Figure
1.6). Plants with impaired nuclear XRN activity (i.e., the xrn2-1xrn3-3 mutant), but not those
in which the cytosolic homolog was mutated (i.e., xrn4-6 and ein5-6), survived significantly
longer than the wild-type but not as long as the sal1 mutants. Taken together, the qPCR and
drought tolerance results suggest that PAP can stimulate gene expression by repressing the
activity of the nuclear XRNs and alter stress responses.
To further investigate the potential role of PAP in stress signal transduction pathways, the
expression of the model chloroplast stress-responsive genes ELIP2 and APX2 was examined
in the xrn mutants. Analysis of xrn4-6 and ein5-6 so far revealed no correlation with gene
expression in alx8, thus, specifically XRN2 and XRN3 were analysed. ELIP2 displayed a
remarkably similar expression profile in alx8, fry1-6 and xrn2-1xrn3-3 mutants under both
stressed and non-stressful conditions (Figure 1.7 A). All mutants exhibited ~100 fold con-
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Figure 1.5 – APX2 expression: nuclear xrn mutants phenocopy sal1 mutants.
APX2 expression as measured by qPCR is up-regulated in xrn2-1xrn3-3, fry1-6 and alx8 but not in
xrn4 mutants. Upper panel plots abundance relative to Col-0 (normalised to PP2A, n=3 , error
bars represents standard error and * indicates t test P<0.05 compared to abundance in Col-0);
lower panel depicts representative images of plants assayed.
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Figure 1.6 – The xrn2-1xrn3-3 mutant phenocopies drought tolerance phenotype of alx8.
Survival time of plants during drought calculated as described in Woo et al. 2008. Periodic
measurements of the maximum efficiency of photosystem II (FvFm ) using chlorophyll
fluorescence were recorded during drought and used to calculate plant survival. Bar graphs
represent the average survival time as measured in days (±SE, n > 7, * indicates P<0.005 for
Tukeys HSD test for each genotype compared to Col-0).
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Table 1.4 – qPCR of genes in both alx8 and xrn2-1xrn3-3 mutants.
Relative transcript levels were measured by qPCR on 51-old plants. The fold-change in mRNA
abundance relative to cyclophillin is indicated ±SE (n=3). Fold-change in alx8 microarrays is
indicated in the right column (Wilson et al. 2009).
Gene AGI Col-0 alx8 xrn2-1xrn3-3 alx8 array*
SOT1 AT2G03760 1.0 ±0.1 4.7 ±0.9 3.8 ±0.2 97.95
VSP1 AT5G24780 1.0 ±0.2 215.4 ±42.0 59.5 ±29.9 27.53
GNAT AT2G39030 1.0 ±0.7 125.4 ±63.1 43.2 ±33.7 214.84
T523C AT4G11710 1.0 ±1.1 2597.6 ±356.3 561.1 ±70.1 368.99
NRPD7 AT3G22900 1.0 ±0.1 14.5 ±1.7 0.9 ±0.0 212.05
stitutive up-regulation compared to Col-0, and following EL stress expression levels were
hyper-induced to ~3000 fold wild-type levels in all mutants. Similarly, APX2 expression was
up under both conditions in alx8, fry1-6 and xrn2-1xrn3-3 (Figure 1.7 B), although expression
levels in xrn2-1xrn3-3 were not as high as for the sal1 mutants (as was observed previously,
Figure 1.5). This is consistent with the observations that APX2 is regulated by multiple sig-
nalling pathways in response to EL stress, including H2O2, ABA, glutathione metabolism,
and plastoquinone redox state as well as PAP (Ball et al. 2004; Fryer et al. 2003; Galvez-
Valdivieso et al. 2009; Karpinski et al. 1997; Pogson et al. 2008; Rossel et al. 2006). Once
again the xrn2-1xrn3-3 mutant phenocopied the sal1 mutants, in particular displaying the
hyper-induction of stress responsive genes upon exposure to stress.
Global transcriptomic confirmation of a retrograde signal
To determine if the XRNs and SAL1-PAP regulate a common cohort of genes and to gain a
global view of the overlap in their regulatory influence on the transcriptome, gene expression
profiling was performed for the PAP accumulating alx8 mutant, the xrn2-1xrn3-3 double mu-
tant, and the xrn4 allele ein5-6. Affymetrix GeneChip Arabidopsis ATH1 genome arrays were
used to analyse global changes in transcript abundance between Col-0 and the mutant geno-
types. Whole rosettes of seedlings at the 10 true leaf stage of development (20-22-days-old
depending on the developmental rate of each genotype) were used for analysis. It was found
that for alx8 and xrn2-1xrn3-3, there were 4038 and 2433 transcripts, respectively, that showed
a significant change in transcript abundance (>1.5-fold change, FDR p < 0.05) relative to Col-0
(Figure 1.8 A; see Supplemental Data Set 1.3 online). By contrast, only 156 transcripts were
significantly altered in xrn4 compared with Col-0. This low level of transcriptome change
in xrn4 is consistent with previous transcriptome profiling data of xrn4 (German et al. 2008;
Gregory et al. 2008; Souret et al. 2004).
More importantly, there was a large and significant overlap between the alx8 and xrn2-1xrn3-3
transcriptome profiles (Figure 1.8 B). Of the 1404 genes up-regulated in xrn2-1xrn3-3 (relative
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SAL1 Localizes to Both Chloroplasts and Mitochondria
Critical to understanding the function of PAP is determining the
subcellular localization of the enzyme that regulates its levels,
SAL1. Conflicting reports have suggested that SAL1 fusions are
targeted to nuclei (Kim and von Arnim, 2009), cytosol in the roots
(Zhang et al., 2011), or chloroplasts of onion epidermal peels
(Rodrı´guez et al., 2010). The reported nuclear localization of
SAL1 (Kim and von Arnim, 2009) likely reflects the authors’ use of
a truncated SAL1 gene that lacked the transit peptide. To define
the subcellular location of a protein, it is necessary to usemultiple
techniques, including in vivo analyses in the species of interest
(Millar et al., 2009). Both stable and transient transformation lead
to accumulation of SAL1:GFP in the chloroplast and mitochon-
dria (Figures 4A and 4B), and the SAL1 protein was unequivocally
detected in the purified chloroplastic andmitochondrial fractions
of Col-0 leaves (Figure 4C). Significantly, no SAL1 protein was
detected in the cytosolic fraction, and effectively all SAL1:GFP
fluorescence could be attributed to either chloroplasts or mito-
chondria, not nuclei (Figure 4).
The finding of SAL1 in the chloroplast is consistent with the
chloroplastic localization of isoenzymes for the synthesis of APS
and PAPS (Mugford et al., 2009) and the detection of SAL1 by
chloroplast proteomic analysis (Peltier et al., 2006;Olinares et al.,
2010). Thus, using three different approaches, we demonstrated
that SAL1 is a dual-localized protein found in chloroplasts and
mitochondria, not the cytosol or nucleus. In addition, SAL1
inactivation results in a 20-fold increase in PAP levels.
The detection of PAP in isolated chloroplasts demonstrates it
can accumulate in this organelle. Interestingly, it is believed that
Figure 8. Light-Induced Gene Regulation and Drought Tolerance Is Similar in sal1 and xrn2 xrn3 Double Mutants.
(A) Expression levels of ELIP2 after LL and HL.
(B) Expression levels of APX2 after LL and HL.
For both (A) and (B), the transcript levels were quantified by real-time PCR for both alx8 and xrn2 xrn3 mutants plants grown under standard growth
conditions and after 1 h of HL stress (;1500 mmol m!2 s!1). The bars represent the average of the fold change compared with that of the wild type6 SD
(n = 3). For xrn2 xrn3, “8” and ns indicate significant or no significant difference, respectively, relative to sal1 mutants (t test; P < 0.05). For HL, asterisk
indicates significant difference relative to Col-0 HL (t test; P < 0.05).
(C) Survival time of plants during drought calculated as described by Woo et al. (2008). Periodic measurements of the maximum efficiency of
photosystem II (Fv/Fm) using chlorophyll fluorescence were recorded during drought and used to calculate plant survival. Bar graphs represent the
average survival time as measured in days 6 SD (n > 7). Asterisk indicates significant difference relative to Col-0 (t test; P < 0.001).
4004 The Plant Cell
Figure 1.7 – Light-induced gene regulation is similar in sal1 and xrn2-1xrn3-3 double mutants.
(A) Expression levels of ELIP2 under control and EL conditions.
(B) Expression levels of APX2 under control and EL conditions.
For both (A) and (B), the transcript levels were quantified by qPCR for both alx8 and xrn2-1xrn3-3
mutants plants grown under standard growth conditions and after 1 h of EL stress (1˜500 µ mol
photons m−2 s−1). The bars represent the average fold change compared with that of the
wild-type ±SD (n = 3). For xrn2-1xrn3-3, "o" and ns indicate significant or no significant
difference, respectively, relative to sal1 mutants (t test; P < 0.05). For EL, asterisk indicates
significant difference relative to Col-0EL (t test; P < 0.05).
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to Col-0), 50% (680 transcripts) were also up-regulated in alx8, a significant overlap statisti-
cally (p < 0.05, x2 test) and biologically, particularly given that only 14 transcripts showed an
antagonistic response (i.e., were down-regulated in alx8; see Supplemental Data 1.12). Simi-
larly, in the down-regulated transcript set, there was a significant overlap of 64% (611 of 954
transcripts) between the xrn2-1xrn3-3 transcriptome and that of alx8, again with lower levels
of antagonistic change than would be expected by random chance (24 transcripts; p < 0.05;
see Supplemental Data 1.12). This higher level of correlation in expression is emphasised
by the strikingly similar heat map profile of the two mutants (Figure 1.8 C) . Co-expression
of four highly up-regulated transcripts was confirmed by qPCR (Table 1.4). Furthermore,
the fold change of all genes up-regulated by more than fivefold was also comparable for
xrn2-1xrn3-3 and alx8 (Table 1.5). Transcripts encoding transferases, transporters, hormone-
related transcription factors, and starch synthase were altered in abundance in both alx8 and
xrn to similar degrees. Intriguingly, analysis of the gene ontology annotation of transcripts
altered in expression in xrn2-1xrn3-3 revealed significant (p < 0.001) over-representation of
both the nuclear and cytosolic cellular component ontologies among the up-regulated gene-
set and conversely the chloroplastic and plastid ontologies are over-represented in the down-
regulated gene-set (Figure 1.9). This suggests that loss of XRNs specifically up-regulates
nuclear transcripts and down regulates chloroplastic transcripts, which is consistent with a
role in a biogenic or operational control retrograde signalling pathway.
Discussion
PAP is a primary in vivo substrate of SAL1
Chloroplasts and mitochondria are environmental sensors attuned to a plant’s surroundings.
The organelles mediate cellular responses to external stimuli that result in short- and long-
term acclimation responses, ranging from immediate induction of stress-responsive genes
to changes in plant architecture, such as leaf thickness and petiole elongation. Likewise,
SAL1 is associated with stress responses (Rossel et al. 2006; Wilson et al. 2009) and many
developmental processes (Kim et al. 2009; Robles et al. 2009; Wilson et al. 2009; Rodriguez
et al. 2010; Hirsch et al. 2011; Zhang et al. 2011), demonstrating that the enzyme influences
multiple biological processes. This breadth of functional roles suggests that either the en-
zyme has multiple enzymatic activities as was originally proposed and generally accepted in
the literature, or alternatively, that a primary substrate of SAL1 can perform multiple func-
tions. Understanding the enzymatic activity of SAL1 in vivo is of significant value to multiple
different fields of plant biology.
The enigmatic function of SAL1 was firstly addressed by in vivo measurements of proposed
substrates. Results presented in Figure 1.1 and Table 1.1, demonstrate that loss of SAL1 leads
to a significant accumulation of PAP. This result firmly establishes that PAP is the likely in
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Figure 1.8 – SAL1 and Nuclear XRNs Regulate a Large Subset of Genes.
(A) Summary table of transcriptome changes in xrn4-6, xrn2-1xrn3-3 and alx8 mutants. Total
number of genes whose transcripts were significantly different in abundance by >1.5-fold in each
mutant compared with Col-0 after FDR correction at PPDE (>P) > 0.95 (95% confidence interval).
Expected false positives at this FDR cutoff level are also indicated.
(B) Venn diagrams showing the overlap of changes in gene expression relative to Col-0 (>1.5-fold)
between alx8, xrn2-1xrn3-3, and xrn4-6. Numbers in the Venn diagrams indicate transcripts that
are significantly (PPDE [>P] > 0.95) up- or downregulated in the mutant genotype compared
with Col-0. The percentage of genes in xrn2-1xrn3-3 that are regulated in the same manner as in
alx8 is given. The number of genes that significantly change excluding antagonistic changes is
given in parentheses (see Supplemental Figure 8 online). Asterisk indicates significantly (P <
0.02) more transcripts overlapping than expected by chance according to a chi-squared test.
(C) Heatmap comparing the expression profile of transcripts in alx8 and xrn2-1xrn3-3 mutants
(transcripts filtered for xrn2-1xrn3-3 FDR-adjusted p < 0.05, absolute fold change > 2) with
hierarchical clustering of rows (transcripts) as indicated by the dendrogram.
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Table 1.5 – A subset of co-regulated genes in xrn and alx8 fivefold up- or downregulated
compared to Col-0.
xrn2xrn3 alx8
AGI Annotation FC P value FC P value
AT3G61630 CYTOKININ RESPONSE FACTOR 6 (CRF6) 109.3 1.50E-05 47.5 7.00E-07
AT2G04050 MATE efflux family protein 84.4 4.80E-07 19.5 2.40E-06
AT1G05680 URIDINE DIPHOSPHATE GLYCOSYLTRANSFERASE 74E2 (UGT74E2) 44.5 4.20E-08 7.4 2.00E-04
AT2G41730 unknown protein 22.5 6.40E-10 10.4 9.10E-06
AT1G61800 GLUCOSE-6-PHOSPHATE PHOSPHATE TRANSLOCATOR 2 (GPT2) 19.4 4.90E-10 12.1 3.20E-05
AT2G27690 CYTOCHROME P450 FAMILY 94 SUBFAMILY C POLYPEPTIDE 1 (CYP94C1) 19 4.10E-02 5.7 2.40E-02
AT2G21640 uknown function that is a marker for oxidative stress response 16.7 1.10E-06 6.4 4.70E-08
AT3G25180 CYTOCHROME P450 FAMILY 82 SUBFAMILY G POLYPEPTIDE 1 (CYP82G1) 16.2 3.20E-02 5.6 2.40E-03
AT3G53980 Lipid-transfer/ storage 2S albumin superfamily protein 16 4.60E-06 15.8 8.30E-04
AT5G08030 GLYCEROPHOSPHODIESTER PHOSPHODIESTERASE 6 (GDPD6) 15 3.00E-07 14.5 8.80E-08
AT2G40230 HXXXD-type acyl-transferase family protein 11.4 1.10E-09 11.8 4.30E-07
AT1G75580 SAUR-like auxin-responsive protein family 9.2 6.10E-08 12.3 6.80E-08
AT5G25350 EIN3-BINDING F BOX PROTEIN 2 (EBF2) 7.5 2.40E-08 6.9 5.40E-07
AT5G27660 Trypsin family protein with PDZ domain 6.9 1.70E-05 51.9 3.70E-09
AT3G43160 MATERNAL EFFECT EMBRYO ARREST 38 (MEE38) 6.7 5.70E-04 7.4 4.40E-03
AT1G56150 SAUR-like auxin-responsive protein family 5.7 5.20E-09 6.5 1.60E-06
AT5G50335 unknown protein 5.5 1.10E-10 6.6 3.10E-05
AT1G32900 GRANULE BOUND STARCH SYNTHASE 1 (GBSS1) 5.1 9.10E-07 5.1 4.60E-06
AT2G26020 PLANT DEFENSIN 1.2B (PDF1.2b) -5.1 9.20E-02 -81.5 4.00E-02
AT2G22810 1-AMINOCYCLOPROPANE-1-CARBOXYLATE SYNTHASE 4 (ACS4) -5.1 8.50E-05 -5.8 6.10E-05
AT3G48360 BTB AND TAZ DOMAIN PROTEIN 2 (bt2) -5.2 1.80E-07 -9.3 2.80E-08
AT5G44420 PLANT DEFENSIN 1.2 (PDF1.2) -5.3 6.90E-02 -24.1 3.40E-02
AT4G25490 C-REPEAT/DRE BINDING FACTOR 1 (CBF1) -5.3 5.70E-06 -15.3 5.40E-07
AT5G26200 Mitochondrial substrate carrier family protein -5.4 1.90E-07 -18.5 1.00E-08
AT5G18060 SMALL AUXIN UP RNA 23 (SAUR23) -5.5 5.30E-07 -8.9 1.40E-07
AT5G05250 unknown protein -6.2 1.90E-03 -15.5 6.80E-04
AT2G17880 Chaperone DnaJ-domain superfamily protein -6.5 3.30E-04 -15.4 9.80E-05
AT4G16260 Glycosyl hydrolase superfamily protein -8.1 4.60E-02 -7.2 5.00E-02
AT2G37950 RING/FYVE/PHD zinc finger superfamily protein -8.6 3.00E-05 -17.9 1.10E-05
AT2G26710 PHYB ACTIVATION TAGGED SUPPRESSOR 1 (BAS1) -9 3.20E-07 -10.8 2.00E-07
AT2G44130 Galactose oxidase/kelch repeat superfamily protein -9.1 2.90E-07 -9.9 2.00E-07
AT5G54610 ANKYRIN (ANK) -9.6 9.10E-05 -7.6 1.40E-04
AT1G78450 SOUL heme-binding family protein -14.9 4.00E-09 -12.5 6.00E-09
Uppercase annotations describe primary gene models on TAIR10, lowercase annotations refer to homology-based predictions
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Figure 1.9 – XRNs regulate specific ontologies of genes.
Gene ontology annotations from TAIR10, the distributions of genes falling into each functional
classification in the xrn2-1xrn3-3 gene sets are compared to the genome wide distribution.
Categories enriched are marked "*" and categories depleted are marked "^" (z-score > ±3.89 and
P<0.001). Grey bars represent the genome frequency (the background set of 16,021 transcript
detected as expressed on the ATH arrays), red bars frequency among genes unregulated in xrn
and blue bars represent frequency among gene down regulated in xrn2-1xrn3-3, in (A) Cellular
component and (B) Molecular function GOslim categories.
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vivo substrate of biological significance. In turn, PAP levels can be reduced by expression of
the PAP-specific phosphatase AHL in fry1-6 plants. This leads to a proportionate reversion
of many of the mutant phenotypes of fry1-6 plants, underscoring the biological relevance
of PAP in contrast to other potential SAL1 substrates. Nonetheless, uncertainty remained
over the potential for IP3 to be an in vivo substrate as well. To resolve this ambiguity the
inositol profiles of sal1 mutants were carefully examined, which revealed that the IP pools
were similar in Col-0, alx8, fry1-6 (Xiong et al. 2001b) and fiery1-1 (fry1-1) (Zhang et al. 2011).4
The results presented here clearly support the view that PAP is a major in vivo substrate
of the phosphatase SAL1 and not PAPS or IPs, as previously proposed (Xiong et al. 2001b;
Rodriguez et al. 2010; Xiong et al. 2001b). We have demonstrated previously that the alx8
point mutation results in a recombinant SAL1 protein that cannot dephosphorylate PAP
(Wilson et al. 2009). In metabolite extracts from alx8 a distinctive peak corresponding to PAP
was detected using HPLC coupled to fluorescence detection. This method is more sensi-
tive and specific than the absorbance detection used by Rodriguez et al. 2010, which could
explain the lack of specific signal for PAP in that work, especially as PAP is very labile.
Here PAP increased by ~20-fold, whereas PAPS increased by just 1.6-fold (Table 1.1) and IPs
either did not change (as demonstrated by colleagues) or increased by 1.5-fold to twofold
(Zhang et al. 2011). Small increases in IP3 may be due to SAL1 possessing direct catalysis
activity, or on the other hand an indirect effect, as significant changes to the metabolome
are observed in sal1 mutants (Wilson et al. 2009). Altogether, the sulfur metabolites (Cys,
g-EC, and GSH), adenosines (APS, PAPS, PAPS, SAM, Ade, AMP, ADP, and ATP), and in-
ositols were measured, none of which changed significantly, in contrast to the significant
changes observed for PAP in SAL1 mutants. Most likely an indirect change in glutathione
metabolism is not a consequence of the SAL1 mutation; thus, the increase in APX2 mRNA
in alx8 is not a consequence of glutathione metabolism-mediated signalling as proposed for
rax1 (Ball et al. 2004). Furthermore, in a prior study, we interrogated the alx8 metabolome
using gas chromatography- mass spectrometry and of the metabolites that changed, such as
carbohydrates and polyamines none could be readily viewed as likely substrates of a nu-
cleotide phosphatase (Wilson et al. 2009). Significantly, the expression of the PAP-specific
phosphatase AHL – an enzyme lacking IP3 activity – is able to largely complement all of the
phenotypes of fry1-6 mutants examined to date (Figure 1.1, see also Kim et al. 2009; Hirsch
et al. 2011). This is also consistent with reports that IP3 is dispensable (and perhaps even
detrimental) for drought tolerance in Arabidopsis (Perera et al. 2008), again suggesting that
any activity of SAL1 against IP3 is of small consequence. There is also a reported in vitro
preference of the recombinant SAL1 enzyme for PAP (Gil-Mascarell et al. 1999; Xiong et al.
2001b). While it cannot be ruled out that another as yet unknown enzymatic activity exists
for SAL1, on the evidence it can be concluded PAP is a primary substrate of SAL1 in vivo.
4Experiment conducted by Gonzalo Estavillo and Charles Brearley
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SAL1 Localises to Both Chloroplasts and Mitochondria
Critical to our understanding of SAL1, PAP, the XRNs and their involvement in stress-
signalling has been the discovery and corroboration that SAL1 is localised to chloroplasts
and mitochondria. Interestingly, it is believed that PAPS is largely synthesised in the plastid
but that its conversion to PAP occurs in the cytosol, which is juxtaposed with its site of reg-
ulation in the chloroplast. Indeed, subsequent to the publication of this study a PAP/PAPS
antiporter was reported (Gigolashvili et al. 2012). The observation that SAL1 is also located
in mitochondria was unexpected and raises the question as to its role and enzymatic activity
in the organelle. A recent report conducted a global comparison of the expression profiles
of 27 large-scale gene expression data sets relating to perturbations of chloroplast and mito-
chondrial function found that the transcriptome of the xrn2-1xrn3-3 mutant is possibly more
related to mitochondrial rather than chloroplast perturbations (Van Aken et al. 2012).
XRNs are targets of the SAL1-PAP pathway
Previously, PAP has not been considered as a possible regulatory molecule, instead it has by-
and-large been assumed to be a waste-product destined for elimination. In many ways this
in analogous to other reactive molecules that are recognised or co-opted by plant cells, such
as ROS or effector molecules from invading pathogens. We now know that while ROS can
be extremely damaging to cells they are also essential. PAP is an adenosine phosphate and
has been shown to bind irreversibly to yeast XRNs, inhibiting their activity through a non-
competitive mechanism (Dichtl et al. 1997). Thus, it was investigated whether xrn2-1xrn3-3
mutants would phenocopy the effects of elevated PAP levels. The highest correlation and
most significant similarity was observed between alx8 and xrn2-1xrn3-3, which both dis-
play a strikingly similar mRNA expression profile. Globally, 56% of transcripts altered in
xrn2-1xrn3-3were similarly altered in alx8 (Figure 1.8 and Table 1.5). In addition, xrn2-1xrn3-3
displayed the drought tolerance phenotype characterstic of the sal1 mutants (Figure 1.6), and
similar rosette architecture and leaf morphology (Gy et al. 2007). The extensive body of cor-
relative evidence suggests that XRN2 and XRN3 are negative regulators of stress-responsive
gene expression and function in the SAL1-PAP pathway. XRN4 is also likely to be inhibited
by elevated PAP; here, it is shown that the abundance of the 3’ cleavage products of four
miRNA targets is increased in the sal1 mutants (Figure 1.3), in addition to the cleavage prod-
ucts reported for xrn4-5 (Souret et al. 2004) and the sal1 mutants fry1-4 and fry1-5 (Gy et al.
2007). Moreover, the sal1 mutants also display ethylene sensitivity defects characteristic of
the xrn4 mutation (Figure 1.4). Curiously, it was also observed that the xrn4 mutants did
not accumulate 3’ cleavage products. As yet there is no clear explanation for this, although
it might be explained by the use of different alleles in previous studies (Souret et al. 2004).
Based on gene expression analysis (Figure 1.5, Figure 1.8) and other observations of xrn4
phenotypes (Figure 1.6), it is unlikely that inhibition of XRN4 accounts for the majority of
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the phenotypes observed in alx8, as the majority of the transcript changes, altered morphol-
ogy, and drought tolerance better correlate with the xrn2-1xrn3-3 double mutant. That said,
it cannot be ruled out that there is a level of redundancy in the functions of the XRNs, hence
an xrn triple mutant might phenocopy sal1 mutants even more closely. Along the same lines,
the presence of XRN4 could also act to modulate or dilute a PAP signal on its path to the
nucleus.
With respect to drought tolerance, the UDP-glucoronosyl/ UDP-glucosyl transferase fam-
ily protein (AT1G05680) is significantly up-regulated in both sal1 and xrn2-1xrn3-3 mutants
(Table 1.5). Increasing the levels of the UDP-transferase family protein is reported to lead
to increased drought tolerance (Tognetti et al. 2010). However, xrn2-1xrn3-3 plants are not
as tolerant as alx8 plants, and 68% of the alx8 transcriptome changes are not reflected as
changes in the xrn arrays. Although it remains to be directly demonstrated that PAP inhibits
the activity of plant XRNs and that exonuclease activity is reduced during stress, the weight
of evidence presented here and by others (Gy et al. 2007) is in favour of this interaction.
The possibility there are additional targets for PAP or processes altered by SAL1 is discussed
further in chapter 3 and chapter 4.
The XRNs possess 5’-3’ exonuclease activity against RNA substrates with a 5’ mono-
phosphate. This means that an XRN cannot directly regulate the abundance of a full-length
mRNA with a cap, instead it must act in concert with capping or de-capping enzymes
or other endonucleases. Nonetheless, it is clear the XRNs do regulate the abundance of
many mRNAs and can trigger increased transcription, as exemplified by the activation of
APX2:LUC (Rossel et al. 2006). The potential mechanisms of action are explored in chapter 2,
and include the regulation of small-RNAs or other non-coding RNA pools, or alternatively
the XRNs may alter gene transcription by affecting transcription termination. With respect to
the latter, XRNs mediate the release of RNA polymerases from the template DNA, thereby
regulating effective transcription termination in yeast and human (Kim et al. 2004; West
et al. 2004). Regarding modulation of PTGS, the XRNs may regulate the accumulation
of small RNAs that target positive regulators of stress-responsive gene expression, thus
the XRN-PAP interaction may release PTGS silencing repressors, activating expression.
Alternatively, inhibition of the XRNs by PAP could prevent the degradation of the uncapped
RNA templates triggering post-transcriptional gene silencing (Gy et al. 2007) of genes that
repress stress responses. The determination of the substrates and the function of the nuclear
XRNs will be critical to elucidate the underlying gene regulatory mechanisms, which is
addressed further in chapter 2.
Evidence for a retrograde signalling pathway
The discovery that SAL1 is localised to the chloroplast and regulates nuclear gene expression,
coupled with the identification of PAP as an in vivo substrate that can regulate the nuclear
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XRNs, naturally leads to the postulation of a retrograde signalling pathway. There are several
lines of evidence that support the notion that PAP itself can move between cellular compart-
ments and act as a signal. First and most compelling is the finding that nuclear targeting
of SAL1 results in the full complementation of sal1 mutant phenotypes, including total leaf
PAP levels, and expression of ELIP2 and APX2 constitutively and during drought stress (Ta-
ble 1.2). Second, sal1 and xrn2-1xrn3-3 double mutants show a very similar molecular and
morphological phenotype, suggesting that PAP accumulation can inhibit XRN function as
originally proved in yeast (Dichtl et al. 1997) and suggested to occur in plants (Gy et al.
2007). This in turn would require that PAP can enter the nucleus where XRN2 and XRN3
are localised. Indeed, it is reasonable to assume that once in the cytosol, PAP would diffuse
freely through the nuclear pore as do other nucleotides, subject of course to the possibility
of active transport back into organelles by transporters. This correlative evidence strongly
suggests that PAP can move between cellular compartments.
Given the effectiveness of nuclear complementation, it begs the question as to why SAL1 is
targeted to the organelles and not the nucleus. One speculative possibility is that this pro-
vides the potential to regulate PAP content in the cell in response to environmental stimuli.
For instance, we know that EL and drought can stimulate PAP levels, perhaps by triggering
accumulation and/or transport; however, the underlying mechanism is yet to be determined.
The observed increase in PAP levels during drought in alx8 plants lacking SAL1 suggests
that PAP pools may be regulated at least in part by increased biosynthesis of PAP rather
than a decrease in catabolism. However, whether SAL1 activity is directly regulated by EL
and drought is not known. Moreover the interaction between PAP and other essential stress
signalling and regulatory molecules, such as ABA, is unknown and explored further in chap-
ter 3.
There are multiple different retrograde signalling molecules and pathways, and the extent of
overlap and interaction with the PAP pathway will be an area of further research. However,
the gene expression profiles of other retrograde mutants mostly pertain to specific signals
being studied, such as the repression of Lhcb mRNA in response to lincomycin and the
chloroplast bleaching herbicide norflurazon in the GUN signalling cascade. Lhcb mRNA
levels are not altered in alx8, and few of the co-expressed alx8 and xrn2-1xrn3-3 genes are in-
duced or repressed by lincomycin (Supplemental Data Set 1.3 and 1.6 online).5 Given the low
levels of H2O2 in sal1 mutants (Estavillo et al. 2011), it is unlikely that the SAL1-PAP path-
way is epistatic to, or regulated by, H2O2. With respect to ABA, the increase in PAP during
drought and the induction of drought and ABA-responsive genes in sal1 and xrn2-1xrn3-3
mutants would suggest some interaction (Figure 1.2 and Supplementary data 1.6 online).
Both drought and light affect chloroplasts and initiate gene expression changes, as demon-
strated by the initial isolation of the alx8 mutant, a mutation which results in changed ex-
pression of chloroplast proteins (ELIP2) and cytosolic proteins (APX2) and confers cellular
5Analysis performed by Gonzalo Estavillo and Barry Pogson
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tolerance to stress (e.g. plasma membrane damage; see Wilson et al. 2009) and lowers ROS.
That is, while drought is a general stress on a cell, a component of the drought response can
be viewed as chloroplast specific, namely, inhibition of photosynthesis, leading to elevated
ROS. Thus, it is not unexpected that up to 70% of EL-genes are drought inducible. However,
that does not preclude other drought response pathways operating independently or con-
currently with the proposed SAL1-PAP pathway. Indeed the role for PAP and the XRNs is
analysed further in chapter 3.
PAPS is largely synthesized in the plastid but that its conversion to
PAP occurs in the cytosol. PAP could move back into the chlo-
roplast via an unknown PAP/PAPS antiporter. This same pro-
posed, but yet to be identified, transporterwould allow its exit from
the organelle back to the cytosol (Klein and Papenbrock, 2004;
Mugford et al., 2009). An alternative to the PAP/PAPS antiporter is
that movement is promoted by chloroplast damage during ex-
treme stress. However, even photobleached cells contain viable
and intact chloroplasts, as do sal1 mutants (Wilson et al., 2009).
Rather than membrane damage per se enabling movement, it is
more likely that stress can modulate the transport of proteins or
signaling molecules, such as PAP. Regardless of the mechanism
of transport, the lowering of PAP to near-wild-type levels by
targeting Sc-SAL1 to the chloroplast demonstrated that PAP can
move from the site of synthesis in the cytosol to the chloroplast.
The observation that SAL1 was also found in mitochondria was
unexpected and raises the question as to its role and enzymatic
activity in thatorganelle.Whereas it isbeyond thescopeof this study,
it is worth noting that the partial complementation observed in sal1
mutants by Sc-SAL1 targeted to the chloroplast could reflect a
reduced expression or activity of the yeast enzyme in transgenic
Arabidopsisor amitochondrial role for SAL1. Additionally, knockouts
of a nuclear gene, AOX1A, encoding a mitochondrial protein used
to study mitochondrial retrograde signaling (Giraud t al., 2008)
resulted in similar coexpression of genes in response to a moderate
drought and light as those coexpressed in alx8 and xrn2 xrn3, and a
possible, butweaker, correlationwas observed for themitochondrial
electron transporter c ain inhibitor, rote one (Figure 7).
Evidence for a SAL-PAP Retrograde Pathway
Two studies have reported on the complementation of the
morphological phenotypes of sal1 mutants by targeting SAL1
to the nucleus (Kim and von Arnim, 2009) and Sc-SAL1 to the
chloroplast (Rodrı´guez et al., 2010). However, the significance of
these findings with respect to PAP acting as a retrograde signal
was not considered by the authors; rather, they concluded that
their constructs demonstrated the location of SAL1. PAP levels,
chloroplast-specific responses, and drought responses were
not measured. Furthermore, as mentioned above, the differing
reported localizations of SAL1 have prevented any systematic
analysis.
In this study, we demonstrated that total leaf PAP pools can
be significantly lowered by targeting Sc-SAL1 exclusively to the
chloroplast (Figure 5) and that induction of the nuclear gene
APX2, which is routinely used to study HL and drought stress–
induced retrograde signaling, was lowered when PAP was
lowered by chloroplastic SAL1 complementation.
There are several lines of evidence that support the notion that
PAP can move between cellular compartments, as shown in
Figure 9. First and most compelling is that nuclear targeting of
SAL1 results i the full complementation of sal1 mutant pheno-
types, including total leaf PAP levels, APX2 expression in LL and
drought, ELIP2 expression in LL and HL, and drought tolerance
(Figure 5, Table 2). Second, sal1 and xrn2 xrn3 double mutants
show a very similar molecular and morphological phenotype,
suggesting that PAP accumulation can inhibit XRN function as
originally proved in yeast (Dichtl et al., 1997) and suggested to
occur in plants (Gy et al., 2007). Indeed, it is r asonable to assume
that once in the cytosol, PAP would diffuse freely through the
nuclear pore as do other nucleotides. Thus, degradation of PAP
pools in either the chloroplast, mitochondria, or nucleus have the
pote tial to restore th wild-type phenotyp at themolecular level.
This could be interpreted as PAP being able to move between
cellular compartments.
Figure 9. Proposed Model for a SAL1-PAP Retrograde Signaling Pathway.
PAP levels are negatively regulated by the chloroplastic SAL1 phosphatase (Figures 2 to 5). Upon environmental stresses, such as HL and drought, PAP
levels increase (Figure 3). PAP can move between cellular compartments as evidenced by the complementation studies (Figure 5). Elevated PAP levels
likely inhibit XRNs in the cytosol and nucleus. Nuclear XRN inhibition causes similar changes in expression to sal1 mutants, such as ELIP2 and APX2,
and a degree of drought tolerance (Figures 6 to 8, Table 3).
[See online article for color version of this figure.]
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Figure 1.10 – Proposed model for a SAL1-PAP-XRN retrograde signalling pathway.
PAP levels are negatively regulated by the chloroplastic SAL1 phosphatase (Figure 1.1). Upon
environmental stresses, such as EL and drought, PAP levels increase (Figure 1.2). PAP can move
between cellular compartments as evidenced by complementation studies (Figure 1.1, Table 1.2).
Elevated PAP levels inhibit XRNs in the cytosol and nucleus. Nuclear XRN inhibition causes
similar gene expression changes to those observed in sal1 mutants, including up-regulation of
ELIP2 and APX2 and a degree of drought tolerance (Figure 1.5, Figure 1.6, Figure 1.7, Figure 1.8,
Table 1.4, Table 1.5).
Summary
In this chapter, evidence is presented for a novel retrograde signalling mechanism, the
SAL1-PAP-XRN pathway (Figure 1.10). In this pathway the chloroplastic SAL1 enzyme reg-
ulates PAP levels, thereby modulating the signalling molecule’s action on the nuclear targets,
the XRNs. PAP accumulates as result of EL and drought stress and the effect on the transcrip-
tome of up-regulation of PAP in alx8 overlaps with 25% of the EL regulated transcriptome.
PAP is known to inhibit yeast XRNs, and here it is shown that sal1 mutants and xrn mu-
tants phenocopy each other in many respects. Based on this, together with the finding that
PAP can be depleted by targeting SAL1 to chloroplasts or nuclei, I conclude that SAL1, PAP
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and the XRNs function in a retrograde signalling pathway. As to the function and biologi-
cal significance of this novel retrograde signalling pathway, further research is needed. Loss
of the nuclear XRNs specifically up-regulates genes associated with the nucleus and down-
regulates genes associated with the plastid, suggesting that PAP might serve a retrograde
signalling function beyond stress sensory and could be involved in a canonical biogenic or
operation control pathway (Figure 1.9). Perhaps the most significant finding of this investiga-
tion is that PAP levels become elevated during stress. This result coupled with the knowledge
that sal1 and xrn2-1xrn3-3 mutants are drought tolerant leads to the tantalising hypothesis
that PAP and this retrograde signalling pathway are important new players in acclimating to
and tolerating drought and other stressful conditions.
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Supplementary Data
Click on [Link] to view in internet browser.
Supplementary Online Data for Chapter 1 is available on line at this link Chapter-1-PAP-XRN-
Retrograde [Link].
Supplememtary Data 1.1 is available at Estavillo, Crisp et. al. 2011 [Link]
Primer sequences and descriptions are provided at Supplememtary Data 1.2 available at
Primer Database [Link].
Supplememtary Data 1.3 is available at Microarray Differentially Expressed Genes Table [Link]
Supplememtary Data 1.4 is available at Antagonistic Venn diagrams [Link]
Supplememtary Data 1.5 is available at Chromatograms of the PAP standards [Link]
Supplememtary Data 1.6 is available at Heatmaps from Genevestigator [Link]
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Figure 1.11 – Supplementary: XRN2 and XRN3 transcript abundance in xrn2-1xrn3-3.
A Quantative PCR of the abundance XRN2 and XRN3 in xrn2-1xrn3-3. Relative to levels in Col-0,
XRN2 abundance is unchanged in xrn2-1xrn3-3, where as XRN3 is significantly reduced (p > 0.05,
students T-test, error bars indicate SE, n=3).
B PCR of the XRN2 T-DNA insertion site between exons 11 and 14 using cDNA. Total RNA was
isolated and reverse transcribed, then using primers I and II, which bridge the putative insertion
site (exon 11 to exon 14), a product could only be amplified in Col-0 and not in xrn2-1xrn3-3.
Whereas using the T-DNA left-boarder primer combined with and XRN2 specific primer for exon
11 yields multiple products in xrn2-1xrn3-3, indicating the presence of the T-DNA (Note: the
precise location of the insertion was not determined).
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A) Antagonistic 3-WAY signicant changes
B) Antagonistic 2-WAY signicant changes
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Figure 1.12 – Supplementary: Overview of antagonistic changes between alx8, xrn2-1xrn3-3 and
xrn4-6.
(A) Antagonistic 3-way significant changes and (B) Antagonistic 2-way significant changes. Venn
diagrams of antagonistic changes (transcripts significantly changing in opposite directions in each
mutant) in transcript abundance for each of the mutants compared to wild-type plants. Numbers
in red circles indicate transcripts which are significantly (PPDE (>P) >0.95) up-regulated in the
mutant genotype compared to Col-0 and numbers in blue circles indicate transcripts which are
significantly down-regulated in the mutant compared to Col-0. * indicates significantly (p<0.02)
less transcripts overlapping than expected by random occurrence according to a chi-squared test.
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Chapter 2: XRNs and gene
expression
Complex transcriptomes and the regulation of gene expression
by nuclear processing activities of Exoribonucleases
Peter Crisp, Diep Ganguly, Kevin Murray, Kate Howell, Steve Eichten, Gonzalo Estavillo, Iain Searle
and Barry Pogson
Chapter 1 presented the discovery of a retrograde signaling mechanism in plants, comprising
SAL1, PAP and the nuclear XRNs. The elucidation of this retrograde signaling pathway has
implicated the nuclear 5’ exoribonucleases as key regulators of gene expression. In our
proposed model, chloroplastic messages are sent via PAP to the nucleus where they remodel
the transcriptome through regulation of the XRNs. This mechanism may also be important
for stress tolerance and other responses to the environment; for instance, during drought and
Excess-light (EL) stress.
This chapter addresses two key questions that have arisen from the elucidation of this retro-
grade signaling mechanism. Firstly, it is apparent from the transcriptomic analysis performed
in chapter 1 (Figure 1.3) that genome-wide RNA expression technologies such as microarrays
detect both full-length mRNAs and decay intermediates; however, the prevalence and signif-
icance of this phenomenon is unknown. Secondly, the mechanism by which the PAP signal is
translated into specific mRNA expression changes by the XRNs is unclear. Key to elucidating
this question is better understanding the specific nuclease functions of the plant XRNs. In
this chapter, a combination of RNAseq, Parallel Analysis of RNA Ends (PARE) and whole
genome bisulfite sequencing is employed to investigate the function and substrates of the
XRNs and the regulatory influence of SAL1 and PAP.
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Introduction
Messenger RNA molecules carry protein blueprints from a cell’s DNA to its ribosomes bring-
ing the genetic code to life. As such, patterns of gene expression are exquisitely coordinated
giving rise to the unique and complex proteome found in every cell of a plant. The abun-
dance of an mRNA is determined by the interplay and kinetics of both transcription and
decay. Importantly, the transmission of the genetic code via RNA is given exceptional fidelity
by essential RNA surveillance and quality control process, which detect and eliminate defec-
tive mRNA. As discussed in chapter 1 and our resulting publication (Estavillo et al. 2011),
plants dynamically adjust their transcriptome in order to acclimate to the environment. In
part, retrograde signals sent from plastids have emerged as key regulators of the expression
patterns of nuclear encoded genes (Pogson et al. 2008; Estavillo et al. 2013). In chapter 1, it
was reported that the metabolite 3’-phosphoadenosine 5’-phosphate (PAP) can act as a ret-
rograde signal capable of remodelling the transcriptome by modulating the activity of the
XRN2 and XRN3 enzymes (a phenotype independent of XRN4). In addition, exoribonucle-
ase2-1 exoribonuclease3-3 (xrn2-1xrn3-3) and altered expression of APX2 8 (alx8) mutants display
pervasive constitutive changes in their transcriptomes compared to wild-type plants as mea-
sured by microarrays (Figure 1.8). This demonstrates that the 5’- 3’ EXORIBONUCLEASEs
(XRNs) are powerful regulators of gene expression. However, beyond knowledge of their 5’
exonuclease activity, the function and substrates of the nuclear XRNs is largely unknown in
plants. A great deal of our understanding of the general mechanisms of mRNA decay and
roles of the XRN family originates from investigations in yeast. While most aspects of the
general RNA decay pathways have been found to be generally conserved across eukaryotes
(Nagarajan et al. 2013), many findings remain to be replicated in plants. In the following
sections, knowledge about the function of the XRNs in Arabidopsis thaliana (Arabidopsis) is
summarised and contrasted with the wider repertoire of roles elucidated in other species
with a focus on nuclear XRN activity.
5’ Exoribonucleases are essential in plants
The XRNs are a family of 5’-3’ exoribonucleases highly conserved and unique to eukaryotes
that are responsible for 5’ processing or turnover of a broad range of substrates. The XRNs
display highly processive 5’-3’ activity toward 5’ monophosphorylated RNA substrates (re-
views Zuo et al. 2001; Nagarajan et al. 2013). In Arabidopsis there are three XRNs; XRN2 and
XRN3 are nuclear localised whereas XRN4 is cytoplasmic (Kastenmayer et al. 2000). Inves-
tigations in Arabidopsis and yeast have established that nuclear 5’ exoribonuclease activity
is essential for viability, although the precise essential functions remain unknown (Gy et al.
2007; Zakrzewska-Placzek et al. 2010). In yeast there are two XRNs, nuclear Rat1 and cy-
toplasmic Xrn1, which are functionally interchangeable, providing sufficient XRN activity
can be localised to the nucleus. For instance, the cytoplasmic Xrn1 redirected to the nucleus
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is able to rescue the lethality of a strain lacking a functional copy of the nuclear Rat1; and
similarly, Rat1 can complement all phenotypes of cells lacking Xrn1 if mislocalised to the
cytoplasm (Johnson 1997). Similar experiments remain to be reported in plants; however,
Arabidopsis XRN2 and XRN3 but not XRN4 are also able to rescue yeast Rat1 mutants (Kas-
tenmayer et al. 2000). Another study reported that for XRN2 this is only possible with higher
expression from a multicopy plasmid (Zakrzewska-Placzek et al. 2010). In Arabidopsis double
mutant combinations between the three xrn single mutants have progressively more severe
phenotypes, whereas the single mutants alone have only mild defects suggesting a degree of
redundancy between plant XRNs despite alternate localisations (Gy et al. 2007). In a recent
development, Haimovich et al. 2013 found evidence that Xrn1 and other proteins involved in
cytoplasmic mRNA degradation are associated with chromatin, suggesting that Xrn1 is not
exclusively cytoplasmic and can shuttle into the nucleus. However if this is the case, it is not
clear why endogenous Xrn1 is not sufficient for viability in Rat1 deficient cells. Nevertheless,
these experiments suggest that the functions of the different XRNs are partially attributable
to sub-cellular localisation and there also exists a degree of redundancy in function.
In other eukaryotes there are a variety of interaction partners for the XRNs, which likely
contribute to activity and specificity (Krzyszton et al. 2012). No interaction partners have yet
been reported in plants. In plants, XRN4 participates in mRNA turnover in the cytoplasm,
a non-essential role because xrn4 mutants display only mild abnormalities. Nuclear XRN3
function is essential, whereas loss of XRN2 again only causes only mild defects for plants
grown under favourable conditions (Gy et al. 2007). Due to their localisation to the nucleus,
XRN2/3 activities are expected to be biased toward RNA processing rather than degrada-
tion, as is the case in animals (Krzyszton et al. 2012). Interestingly, recent discoveries suggest
that while XRN4 is non-essential, xrn4 mutants have compromised stress responses, for in-
stance sensitivity to heat stress (Merret et al. 2013). This is consistent with findings in yeast,
where the XRN4 counterpart Xrn1 is required for the response to glucose starvation or toxic
concentrations of Li2+ (Kim et al. 1990; Sinturel et al. 2012; Dijk et al. 2011).
XRN4, cytoplasmic mRNA turnover and PTGS
In Arabidopsis there is a reasonable body of literature on XRN4, establishing that like its yeast
and animal counterpart (Xrn1), XRN4 function in the cytoplasm mainly contributes to mRNA
turnover (Nagarajan et al. 2013). In all eukyarotes, both 5’ and 3’ mechanisms contribute
to RNA turnover, although the relative contributions and specificity of each are somewhat
unknown. The favoured mode of turnover may differ depending on the organism and sub-
strate. Nevertheless, in Arabidopsis XRN4 may play a less prominent role in mRNA turnover
compared to Xrn1. Evidence for this includes the prominent role of the 3’-5’ exosome in
Arabidopsis (Chekanova et al. 2007) and the relatively few transcripts that are stabilised upon
mutation of xrn4 (Souret et al. 2004). Rymarquis et al. 2011 further demonstrated that XRN4
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exhibits substrate specificity towards a relatively small number of transcripts; a specificity
in part due to conserved sequence motifs in substrate RNAs. Several reports have also es-
tablished that XRN4 functions specifically in the ethylene signaling pathway and multiple
studies have now found that loss of XRN4 leads to the differential expression of only a small
number of transcripts (this study [chapter 1]; Olmedo et al. 2006; Gregory et al. 2008).
Several lines of evidence also establish that XRNs (XRN2/3 and 4) interact with the small
RNA gene silencing pathways. In fact, mutation of any of the XRNs promotes silencing of
transgenes (Gazzani et al. 2004; Gy et al. 2007). Moreover, uncapped transcripts, which can
serve as templates for the gene silencing pathways, accumulate in xrn4 (Gazzani et al. 2004;
Gregory et al. 2008). Consistent with this, deep-sequencing of xrn4 revealed the accumulation
of a novel class of 21-nt small RNAs processed from endogenous transcripts (Gregory et
al. 2008). Simultaneous loss of ABH1 (a component of the mRNA cap-binding complex)
enhances the levels of these siRNAs, which suggests that a function of XRN4 (and ABH1)
is to prevent endogenous transcripts from slipping into the gene silencing pathway. XRN4
also degrades the 3’ cleavage products that result from miRNA directed cleavage of mRNAs
(Souret et al. 2004; Gy et al. 2007).
Intriguingly, several reports in S. cerevisiae have now demonstrated an interdependence be-
tween nuclear mRNA synthesis and cytoplasmic RNA decay rates, regulated by cytoplasmic
Xrn1 activity (Haimovich et al. 2013; Sun et al. 2013). Two reports both concluded that
mRNA levels could be buffered from changes in either synthesis or decay by compensatory
alterations in the other pathway; however, the results of the papers are not the same. De-
pletion of Xrn1 leads to a global reduction in mRNA decay, which Haimovich et al. 2013
found led to reduced transcription rates as determined by nuclear run-on assays. Sun et al.
2013, by contrast, found that deletion of XRN1 globally enhanced mRNA synthesis rates as
measured by incorporation of 4-thiouracil. Surprisingly, Haimovich et al. 2013 also presented
evidence that Xrn1 and other proteins involved in cytoplasmic mRNA degradation can be
found localised to the nucleus upstream of the Transcription Start Site (TSS) of the genes most
affected by the loss of XRN1. These studies demonstrate a clear and fascinating coupling of
the processes of transcription and decay (Braun et al. 2014) that would be of great interest to
examine in plants.
Enigmatic functions of XRN2 and XRN3 in the plant nucleus
Since their initial identification (Kastenmayer et al. 2000), there has been a scarcity of reports
on the function of the nuclear XRN2 and XRN3 in plants. In a screen to identify repressors
of Post Transcriptional Gene Silencing (PTGS), Gy et al. 2007 discovered that loss of XRN2
and XRN3 promotes transgene silencing in a manner similar to that previously reported for
XRN4 (Gazzani et al. 2004). In the same study it was also demonstrated that XRN2 and XRN3
degrade hairpin loops excised during pre-miRNA processing. XRN2 also plays a role in
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rRNA processing, although this is seemingly a non-essential or redundant function because
loss of XRN2 does not lead to a decrease in mature rRNAs (Zakrzewska-Placzek et al. 2010).
It was also reported that following transcriptional inhibition in xrn2-3 no mRNAs were found
to have a significantly altered level or stability, suggesting that XRN2 does not contribute or is
not essential for mRNA turnover, although this result might also be explained by redundancy
with XRN3. The loss of XRN2 or XRN3 also leads to the production of intergenic transcripts,
potentially caused by read-through following defective Pol II termination (Kurihara et al.
2012), which is consistent with the established role of Xrn2/Rat1 in terminating transcription
in yeast and humans (Kim et al. 2004; West et al. 2004). Given the essential nature of XRN3, it
is not clear whether these functions so far reported in plants can account for the full breadth
of the biological role of the XRNs, or if these functions can affect the expression of genes.
Nuclear XRN functions in yeast and animals: Processing
In yeast and animals the nuclear XRNs have been the focus of a significantly greater re-
search effort (reviewed Krzyszton et al. 2012; Nagarajan et al. 2013), which has established
roles favouring processing of RNA precursors, excised intermediates of processing reactions,
nascent polymerase-associated transcripts, and a broad range of unstable, intergenic, non-
coding species. It remains to be determined how conserved these functions are in plants.
Significantly, in plants there are two nuclear XRNs (XRN2/3) rather than the single enzyme
found in most yeasts and animals. In addition, the cytoplasmic Arabidopsis XRN4 is an or-
tholog to the nuclear Xrn2/Rat1. XRN4 appears to have evolved as a functional equivalent
to Xrn1 because plants lack an ortholog of the cytoplasmic Xrn1 (Kastenmayer et al. 2000).
Whether these differences in XRN composition reflect specialisation or a diversification of
roles in plants remains to be determined.
It is well established that XRN-family of enzymes are involved in ribosomal RNA processing
in plants, yeast and animals (Krzyszton et al. 2012). Rat1/Xrn2 generate the 5’- ends of
the mature 25/28S and 5.8S rRNAs, following the release of their immediate precursors by
endonucleolytic cleavages (Geerlings et al. 2000; Henry et al. 1994; Petfalski et al. 1998).
In contrast to animals, Arabidopsis XRN2 participates earlier in the pre-rRNA stage in the
endonucleolytic processing steps and is not essential (Zakrzewska-Placzek et al. 2010). Rat1
and Xrn1 also regulate 5’ end formation of small nucleolar RNAs (snoRNAs), which in turn
is essential for correct rRNA biogenesis, providing another level of regulation between the
XRNs and rRNA (Filipowicz et al. 2002; LEE et al. 2003; Petfalski et al. 1998). In plants, the
enzymes responsible for snoRNA processing are unknown, however, XRN2 and XRN3 are
not thought to be involved (Zakrzewska-Placzek et al. 2010).
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Nuclear XRN functions in yeast and animals: Polymerase termination
A key function of Xrn2/Rat1 in yeast and humans is to promote efficient transcription ter-
mination of RNA polymerase II (Kim et al. 2004; West et al. 2004). In this torpedo model
of termination (Proudfoot 1989), following cleavage and polyadenylation of the mRNA, a 3’
nascent pre-mRNA is produced as Poll II continues transcription downstream of genes. This
product is cotranscriptionally decayed by XRN2 faster than Pol II can synthesise it, ultimately
dislodging Pol II and removing the nascent pre-mRNA. A similar termination mechanism in-
volving Rat1 also occurs at Pol I rRNA genes in Yeast (Kawauchi et al. 2008). As mentioned
above, Kurihara et al. 2012 found evidence for a similar mechanism in plants because xrn2/3
mutants exhibit intergenic transcription consistent with Pol II read-though. It is not clear
whether this is a universal termination mechanism in plants because read-though was only
detected at several thousand loci (Kurihara et al. 2012). Interestingly, while nuclear targeted
Xrn1 can rescue cells deficient in nuclear Rat1, defects in Pol II read-through are not comple-
mented. One interpretation of this results is that the role of Rat1/Xrn2 in Pol II termination
is not essential.
The Xrn2 torpedo is also involved in decay and release of paused Pol II in humans (Brannan
et al. 2012). In higher organisms the flux of elongating Pol II is controlled by promoter-
proximal pause sites, whereby Pol II accumulates at Transcription Start Sites (TSS) of most
genes. Control of the transition from paused to productive elongation is widely thought to
be a mechanism for rapidly upregulating transcription in response to developmental and
environmental cues. Xrn2 (and the decapping complex) is proposed to limit the transcription
of human genes and also bidirectional Pol II elongation by prematurely terminating paused
Poll II, averting a transition to elongation (Brannan et al. 2012).
Nuclear XRN functions in yeast and animals: Surveillance
An essential component of eukaryotic gene expression is precise quality control mechanisms
that are responsible for the elimination of aberrant or superfluous RNA species. Aberrant
transcripts are potentially detrimental to the cell and can give rise to aberrant or toxic pro-
teins. For instance, unspliced pre-mRNAs can alter the reading frame, producing premature
stop codons. The nonsense-mediated decay (NMD) pathway is the best characterised mech-
anism for removing defective mRNA and operates in the cytoplasm removing transcripts
containing premature stop codons in a coordinated action with the translation machinery
(Chiba et al. 2009). Additional cytoplasmic pathways include the Non-Stop Decay (NSD),
which eliminates messages lacking the stop codon and No-Go decay (NGD) evoked to deal
with stalled ribosomes (Chiba et al. 2009). Surveillance can also take place in the nucleus
where it involves the function of Rat1/Xrn2 and the nuclear exosome. Interestingly, nu-
clear RNAs can be targeted for destruction by the exosome and Rat1 via polyadenylation by
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a TRAMP complex containing the specific poly(A) polymerases Trf4/Trf5 (Houseley et al.
2009; LaCava et al. 2005; Wyers et al. 2005).
Several studies demonstrate that Xrn2/Rat1 decay of defectively spliced transcripts can oc-
cur in the nucleus; however, the predominant route for this decay appears to be cytoplasmic
(Hilleren et al. 2003; Legrain et al. 1989). Nuclear decay may occur where export of defec-
tive mRNAs is inhibited or delayed; for instance, when disassembly of the splicosome is
slow (Hilleren et al. 2003). In one example, it was demonstrated in yeast that when splic-
ing is impaired genetically in the prp2-1 helicase mutant, a nuclear surveillance mechanism
removes unspliced pre-mRNAs and incompletely spliced intermediates (Bousquet-Antonelli
et al. 2000). Rat1 mutants accumulate these unprocessed transcripts, although the exosome
plays a more prominent role in this process. If required, Rat1/Xrn1 probably also partici-
pate in general nuclear turnover of mRNAs in a process coined degradation of mRNA in the
nucleus (DRN) if, for instance, nuclear export of mRNAs is specifically inhibited (Das et al.
2003; Kuai et al. 2005). In human cells, Xrn2 also plays an important co-transcrptional role in
the removal of pre-mRNAs with splicing or termination defects (Davidson et al. 2012). This
role can be observed when Xrn2-depleted cells are treated with Spliceostatin A or if splice
site mutations are introduced into β-globin transcripts. Significantly, competition between
pre-mRNA degradation and splicing may occur in the nucleus and consequently defects
in nuclear RNA surveillance lead to an increase in the level of mature mRNAs (Bousquet-
Antonelli et al. 2000).
Another mechanism that can trigger nuclear surveillance occurs via the formation of stem-
loop structures (Danin-Kreiselman et al. 2003; Lee et al. 2005; Egecioglu et al. 2012). Described
in S. cerevisiae for RPS22B and RPL18A transcripts, stem-loop structures found in intronic
regions trigger degradation of unspliced pre-mRNAs and lariat introns. Significantly, this
mechanism can also regulate mature mRNA levels (Danin-Kreiselman et al. 2003). In the
absence of this surveillance pathway, yeast cells are hypersensitive to high iron concentra-
tions and many mRNAs encoding iron uptake or iron mobilisation proteins are expressed
in conditions of sufficient iron (Lee et al. 2005). Thus, RNA surveillance plays a role in iron
homeostasis in yeast, to suppress the deleterious expression of the iron starvation response
by limiting gene expression post trasncriptionally.
Defectively capped transcripts are also subject to nuclear surveillance and decay in yeast and
humans. In yeast, Rat1 was demonstrated to torpedo an elongating Pol II if capping had not
occurred, precluding the production of a defective transcript (Jimeno-González et al. 2010).
In humans, the Xrn2 interacting protein Rai1 is involved in an as yet uncharacterised quality
control pathway that clears mRNAs with defective caps that are unmethylated, presumably
also requiring Xrn2 to complete the decay (Jiao et al. 2010).
Degradation of several other classes of non-coding RNAs also involves Xrn2/Rat1, including
tRNAs with defective modifications via the rapid tRNA decay (RTD) pathway (Chernyakov
et al. 2008; Whipple et al. 2011). Mouse Xrn2 is required for degradation of many aberrant
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pre-rRNA species (in addition to the requirement for rRNA biogenesis), which is thought
to be critical for maintaining ribosome levels (Wang et al. 2011a). In addition, yeast rat1-1
cells have shortened telomeres owing to the mis-regulation of a class of noncoding RNAs
called telomeric repeat-containing RNA (TERRA; Luke et al. 2008). This phenotype is likely
caused by the formation of RNA:DNA hybrids with the stabilised TERRA RNA impairing
telomere elongation. A large class of non-coding RNAs are also regulated by decapping and
5’-3’ decay, with the nuclear activity of Rat1 playing a minor role in the regulation of these
RNAs (Geisler et al. 2012).
Significantly, C. elegans Xrn2 has been demonstrated to decay miRNAs (Chatterjee et al. 2009;
Chatterjee et al. 2011). In fact, knock-down of either Xrn2 or Xrn1 leads to the increased
levels of some but not all miRNAs and some miRNA* strands. There is also evidence that
Xrn2 promotes release of miRNAs from the AGO protein. In Arabidopsis, however, miRNA
levels are reported to be unchanged in Arabidopsis xrn mutants (Gy et al. 2007). In plants,
the SDN family of proteins are involved in miRNA decay (Ramachandran et al. 2008) as well
as a recently described pathway involving 3 uridylation, the exosome and HESO1 (Tu et al.
2015; Zhao et al. 2012).
Considering the established roles of the XRNs across eukaryotes there are many possibly
ways in which PAP and the XRNs could influence RNA regulation. These many potential
roles are depicted in Figure 2.1 (figure design adapted from Houseley et al. 2009). Impor-
tantly, it has been demonstrated that many of the RNA processing and decay functions of the
XRNs specifically regulate the abundance of mRNAs. In summary, from transcription itself,
through nuclear and cytoplasmic surveillance to turnover in the nucleus or cytoplasm, the
XRNs can potentially regulate many stages in the lifecycle of a plant mRNA or indeed, non-
coding RNAs. Accordingly, to better understand the function and specificity of PAP-XRN
signaling it will be critical to elucidate the functions and substrates of the XRNs in plants.
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RNAseq to investigate PAP-XRN signaling
As previously described, xrn2-1xrn3-3 and alx8 mutants display pervasive constitutive
changes in their transcriptomes demonstrating that the XRNs are powerful regulators of
gene expression. Nonetheless, the interpretation of this previous expression data must be
met with some caution because of the observation that the 3’ IVT microarrays (as used
in chapter 1 and Wilson et al. 2009) cannot differentiate between full-length mRNAs and
partially degraded 3’ mRNA fragments (see Table 1.3 compared to Figure 1.3). These
microarrays deploy probes that largely target the 3’ portion of transcripts. There are
tools available to estimate 3’ bias in microarray results for the purpose of inferring RNA
quality. However, given that RNA metabolism is perturbed in xrn2-1xrn3-3 and alx8, there
is considerable uncertainty surrounding differential gene expression results generated from
the 3’ IVT microarrays. Transcripts previously identified as differentially expressed could in
fact represent artefacts resulting from detection of RNA decay intermediates.
RNAseq provides an alternative, nucleotide-resolution approach to interrogate the transcrip-
tome. RNAseq captures a genome-wide snapshot of steady-state transcript levels. In ad-
dition to the reads derived from full-length transcripts, transcriptomic data also comprises
reads originating from the degradome. Yet, the size and significance of the fraction of reads
attributable to the degradome is largely unexplored. Given that 5’-3’ exonuclease activity
is impaired in both the xrn2-1xrn3-3 and alx8 mutants, it is hypothesised that the transcrip-
tomes of the mutants will contain more mRNA decay intermediates compared to WT. For
alx8 clear evidence of stabilised and highly abundant mRNA decay intermediates was re-
ported in chapter 1, attributable to inhibition of the cytoplasmic XRN4. Decay intermediates
of transcripts targeted by miRNAs accumulate to high levels despite little change in the
steady state abundance of the full-length transcripts (Figure 1.3). This phenomenon has also
been observed in the literature, where loss of XRN4 leads to stabilisation of the 3’ ends of
mRNA molecules that are substrates for XRN4 (Souret et al. 2004; Gy et al. 2007; Rymarquis
et al. 2011). Indeed, this observation has been exploited to enhance global approaches to
identify miRNA targets by specifically sequencing the degradome of XRN4 mutants using
modified 5’RACE sequencing techniques (German et al. 2008; Gregory et al. 2008). In the
case of xrn2-1xrn3-3, to date it has been observed that miRNA cleavage products are not
stabilised in this background (Figure 1.3 and Gy et al. 2007; Rymarquis et al. 2011).
In Results section I, this chapter addresses confounding factors in RNAseq data normalisa-
tion, where the size and the composition of the trascriptome vary between the genotypes
under investigation. In Results section II, the size and significance of the fraction of the
degradome captured and sequenced in an RNAseq experiment is explored. This analysis
reveals that a highly significant number of reads are attributable to the degradome and this
attribute of the data must be identified and accounted for when assessing differential expres-
sion of genes. Lastly, in Results section III putative roles for SAL1 and the nuclear XRN2
and XRN3 in regulating non-coding RNAs, RNA surveillance, Pol II termination and DNA
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methylation are explored.
Methods
Plant growth and drought stress conditions were as previously described (Wilson et al. 2009).
Except where otherwise noted plants were soil grown under a 12 hour day photoperiod. The
SAL1 (SAL1) (AT5G63980) mutant allele alx8was as previously described (Wilson et al. 2009).
The xrn2-1xrn3-3 double mutant from the lab of Herve Vouchert (Gy et al. 2007) was pro-
vided by A.G. von Arnim (University of Tennessee). The exoribonuclease4-6 (xrn4-6) mutant
(SALK_ 014209) was recovered in the SALK sequence-indexed T-DNA insertion collections
(Alonso et al. 2003; Sessions et al. 2002) obtained from the The Arabidopsis Biological Re-
source Center, Ohio State University (ABRC). All insertion mutants were confirmed by PCR,
primer sequences and descriptions are provided in 5.1. EL treatments were as described in
chapter 1.
PAP-feeding
Previous methods employed to feed PAP to plants failed to elicit a discernible response,
likely due to either failed uptake of the adenosine or rapid inactivation by endogenous
PAP-phosphatases (Estavillo et al. 2011). To circumvent these potential problems PAP treat-
ment was combined with lithium treatment in order to inhibit phosphatase activity. In addi-
tion, an infiltration buffer was designed based on buffers previously employed to administer
cordycepin (an adenosine analogue and transcriptional inhibitor) into plant leaf tissue (Seeley
et al. 1992). Two-week old soil grown seedlings at the 4 true leaf stage (young leaves have less
cuticle wax to prevent diffusion) were excised at the base of the hypocotyl and transferred
to glass vials containing the infiltration buffer (1 mM Pipes, pH 6.25, 1 mM sodium citrate, 1
mM KCI, 15 mM sucrose) and incubated in the dark at room temperature with agitation for
30 mins. PAP and lithium were then added and agitation continued in the dark. PAP was
added to a final concentration of 1.0 mM (twice the concentration that completely inhibited
the yeast XRN activity in vitro, Dichtl et al. 1997). Lithium was added to a final concentration
of 100 mM (5mM Li completely inhibits SAL1 activity in vitro, Xiong et al. 2004; treatment
of yeast cells with 100mM lithium increases cellular PAP levels, Murguia et al. 1995; and
200mM impaired RNA processing consistent with inhibition of the XRNs, Dichtl et al. 1997).
Seedling were harvested at 1 and 4 hours by briefly blotting on absorbent paper and imme-
diately freezing in liquid nitrogen, 4 seedling were pooled per replicate and 2 replicates per
time point per treatment were collected.
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RNAseq
For profiling of messenger RNA expression, plants were developmentally synchronised to
the nine-true-leaf stage (growth stages defined in Boyes et al. 2001) by sampling Col-0 at 22
days old and alx8 and xrn2-1xrn3-3 at 24 days old. Total RNA was extracted from two whole
rosettes (excised from their roots) per sample replicate using an acidic-phenol:chloroform
method adapted from Box et al. 2011. As an aside note, acid-phenol is reported to favour
RNA isolation while largely excluding DNA recovery; however, in subsequent comparison
to phenol:chloroform pH 6.5 or pH 8.0 little benefit was found in using acidic phenol. Tissue
was snap frozen and ground in 2ml tubes with sterile ball-bearings using a Tissue Lyser
II (Qiagen) then lysed by adding 600 ul of 1:1 acid-phenol:chloroform (pH 4.3) followed
by 1200 ul of RE buffer (0.1 M TRIS pH 8.0, 5 mM EDTA, 0.1 M NaCl, with 1 % (v/v)
2-mercaptoethanol and 0.5 % SDS added immediately before use) and vortexing samples
briefly to homogenise. Samples were incubated at RT for 5 mins, centrifuged, then the
upper phase was re-extracted with phenol:chloroform, followed by precipitation overnight
at -20 ◦C with 1/10 volumes of 4 M sodium acetate pH 5.2, and 1 volume of isopropanol.
The following day RNA pellets were recovered by centrifugation at 4 ◦C, pellets washed with
70% ethanol, air-dried for 5 mins and resuspended in 10 mM TRIS pH 7.5. RNA was quality
checked for RIN scores greater than 7 using a Bionalyser (Agilent) or a GXII lab chip (Perkin
Elmer). RNA was not DNAse treated prior to RNAseq library preparation. In comparative
sample analysis libraries were prepared before and after DNAse treatment and sequencing
revealed that omission of the DNAse step yielded higher quality RNA and did not result
in increased sequencing of intergenic or antisense regions of the transcriptome, indicating
that the standard library preparation method beginning with a polyA selection effectively
excludes any DNA in the samples.
The Illumina TruSeq V2 kit was used for RNAseq library preparation as per the manu-
facturer’s instructions (TruSeq User Guide Revision D) with a custom dUTP incorporation
step during second strand synthesis to introduce strand-specificity (adapted from Parkhom-
chuk et al. 2009). Four micrograms of total RNA was used for input and fragmented for
7 mins. Following first strand synthesis, cDNA was precipitated to remove dNTPs; per 25
ul first strand reaction 5 ul of 5M NH4OAc (ammonium discriminates against precipitation
of dNTPs), 2 ul of the co-precipitant Glycolblue (Ambion) and 110 ul 100% ethanol was
added and samples incubated overnight at -80 ◦C. The following day samples were recov-
ered by centrifugation at 4 ◦C, pellets washed with 70% ethanol, air-dried for 5 mins then
resuspended in custom second strand buffer incorporating a dNTP/dUPT mix. The second
strand mix contained 4 ul of 5x RT buffer from the Super Script III kit (Life Technologies), 2
ul 50 mM MgCl, 2 ul 0.1 M DTT, 1 ul 50 ng/ul random hexamers, 49 ul H2O, 8 ul Second
Strand Synthesis buffer (NEBNext, B6117S), 10 ul dNTP/dUTP mix, (Fermentas, R0251), 4 ul
Second Strand enzyme mix (NEBNext, E6111S) and samples were incubated for 2.5 hours at
16 ◦C. Prior to the PCR enrichment step (after adapter ligation), the USER enzyme was used
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to degrade the dUTP containing coding strand to give a reverse stranded final library. Per
sample, 1 ul of USER enzyme mix was added and samples incubated at 37 ◦C for 15 mins.
An optimal PCR cycle number of 14 cycles was determined experimentally for amplification
of all samples using pilot PCRs. Final amplification was performed with a half volume PCR,
following PCR clean up samples were pooled in equal molar ratios and sequenced (100bp
paired-end) on one lane of the HiSeq2500 at the Biomolecular Resource Facility (Australian
National University).
The bioinformatic analysis pipeline from fastq to summarised counts per gene is available
online at https://github.com/pedrocrisp/NGS-pipelines. The pipeline used for this analysis
is RNAseqPipe3 as at 23 October 2014. All code has in line comments with descriptions of
the steps implemented. A comprehensive, plain English user guide, describing the purpose
and function of each step of the pipeline has also been prepared and is available in the Docs
section. Log files for each step of this analysis are available in Supplementary Data. Qual-
ity control was performed with FASTQC v.0.11.2 (Andrews 2014). Adapters were removed
using scythe v.0.991 with flags -p 0.01 for the prior (Buffalo 2014) and reads were quality
trimmed with sickle v.1.33 with flags -q 20 (quality threshold) -l 20 (minimum read length
after trimming) (Najoshi 2014). The trimmed and quality filtered reads were aligned to the
Arabidopsis genome (TAIR10) using the subjunc v.1.4.6 aligner with -u and -H flags to report
only reads with a single unambiguous best mapping location (Liao et al. 2013).
RNAseq Differential Gene Expression
For standard differential gene expression testing the number of reads mapping per TAIR10
gene loci was summarised using featureCounts v. 1.4.6 with flags -P and -c to discard
read pairs mapping to different chromosomes and the -s flag for strand specificity (Liao
et al. 2014). Reads were summarised to parent TAIR10 gene loci rather than individual
splice variants by summarising to the genomic coordinates defined by the feature "gene"
in the TAIR10_GFF3_genes.gff reference (last modified 14/10/2010 ftp://ftp.arabidopsis.
org/home/tair/Genes/TAIR10_genome_release/TAIR10_gff3/TAIR10_GFF3_genes.gff).
There are 28,775 gene loci in the current TAIR10 release and 19,444 genes were detected
as expressed in this RNAseq dataset. Gene loci are annotated with the description of the
representative gene model (ftp://ftp.arabidopsis.org/home/tair/Genes/TAIR10_genome_
release/TAIR10_gene_lists/TAIR10_representative_gene_models).
Statistical testing for relative gene expression was performed in R using edgeR v.3.4.2 (Mc-
Carthy et al. 2012; Robinson et al. 2010b; Robinson et al. 2010a; Robinson et al. 2007; Robinson
et al. 2008), and voom in the limma package 3.20.1 (Law et al. 2014; Smyth 2005; Smyth 2004).
ROAST rotational gene set enrichment tests were conducted as described in Wu et al. 2010
and the limma User Guide (revision 12 April 2014). Robust quality control testing of all
samples strongly indicated that the RNAseq library alx8_7 suffered from a technical issue.
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As described in Supplementary Data 2.32 A, clustering by the leading log2 fold changes be-
tween the samples indicated that this replicate did not cluster with the other alx8 replicates.
Further investigation revealed that gene expression (RPKM for comparative purposes) for
this sample correlated poorly with other replicates (Supplementary Data 2.32 B). Initial qual-
itative analysis of this sample in a IGV suggested an abnormality in read distribution. Thus,
analysis of the distribution of reads along the length of all transcripts was performed using
the degradome profiler pipeline and biasSEQr software described below (length filter 401
nt, trimming 150 nt from each end and coverage filter 10 counts per base on average along
length of transcript). This analysis revealed an unexpected artefact with a depletion of reads
towards the 5’ end of transcripts on average (Supplementary Data 2.32 C). However, the very
5’ end was not depleted (which would be expected if the RNA was of lower quality). The
reason for this artefact is not clear. This sample was removed from further analysis, and once
it was removed from the analysis the correlation between sample replicates and differential
expression testing significantly improved.
Degradome Profiler pipeline and biasSEQr
The Degradome Profiler pipeline interrogates RNA sequencing data (mRNAseq or PARE,
although it could also be applied to any sequence data, for instance (epi)genomic sequencing
or CHIPseq) for signatures of decay intermediates. The workflow of the pipeline is outlined
in Figure 2.2. In steps 1-4 reads are aligned to the genome and summarized into bed files
(these steps could be customised to employ tools of preference). Here, reads are aligned to
the Arabidopsis genome using subjunc from the subread package (Liao et al. 2013). It is critical
to use a splice junction aware mapper to align the entire read or else artefacts - namely
low coverage islands - will be produced at exon boundaries (for instance subread-align will
trim reads in this way). In Step 2, the alignment files are split into reads mapping to the
Watson and Crick strands in order to preserve the strand specificity (at the time of analysis
bedtools coverageBed could not properly interpret paired-end strand specific data). In Step 3,
reference bed files for each strand with the coordinates of each exon (or other gene feature)
are prepared from a reference GFF using gff2bed (bedops, requires python). For the present
analysis only exons were considered (noting that typically in GFF files the first and last ’exon’
include the UTRs, as is the case for the TAIR10 GFF3). In Step 4, bed files summarising reads
to coverage per base across the transcriptome are generated using coverageBed (bedtools).
One file for each strand is created then both are concatenated together and compressed.
The bed files produced by the front-end wrappers of the Degradome Profiler Pipeline are
then analysed by the biasSEQr software in R to interrogate the distribution of reads along
the length of all genes in the transcriptome. Reads are filtered by length, the ends trimmed to
account for the reduced ability to capture the ends of a transcript during library preparation,
and then further filtered by average per base coverage. Each transcript is then divided into
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2, 10 or 100 windows to cover the length of a transcript. Base pair coverage per bin is
summarised using stats.bin() and expressed as a percentage of the total base-pair counts per
transcript yielding normalised coverage profiles. biasSEQr outputs heatmaps, coverage plots
and summary csv files. For the present analysis, transcripts 401 nt or longer were trimmed
150 nt from each end and only those with an average base-pair coverage of 10 were retained
for analysis (for comparative analyses 21,531 TAIR10 transcripts passing the filters in all
samples were considered). All code is available online on Github [Link]
PARE/Degradome
PARE (degradome) libraries were prepared by capturing a 20-21 nt tag of the 5’ end of all
uncapped (5’ monophosphate) mRNA molecules. Libraries were prepared from polyA RNA
captured from 75 ug of total RNA, as per Zhai et al. 2014 with minor modifications as noted
in the online PARE-TruSeq (sRNA kit) protocol (link). Specifically, following ligation of the
dsDNA 3’ adapter, the ligation product was PAGE purified to remove abundant adapter
dimers, yielding higher quality final libraries. Pilot PCRs were employed to determine an
optimal PCR cycle number for the final amplification, which was performed as a half volume
reaction (25 ul). This analysis revealed 3 orders of magnitude difference in the quantity of
library obtained in alx8 compared to WT. Rather than normalising the libraries to sequence an
equal quantity of library for each genotype, a 10 cycle PCR was performed for all genotypes
to reflect relative abundance of each degradome. A sample from one replicate of each of
the genotypes was Topo cloned (Life Technologies) and 16 colonies from each were Sanger
Sequenced to confirm that the fragments in the PARE libraries were the correct size and
originated from mRNAs. Libraries were sequenced on an Illumina HiSeq2000 in 100bp SE
sequencing at the Australian Genomics and Research Facility (AGRF) using a custom read 1
primer (5 CCACCGACAGGTTCAGAGTTCTACAGTCCGAC 3, PAGE purified).
The bioinformatic pipeline for processing PARE data from fastq to genome mapping and
summarisation is available online on GitHub at PARE _pipe1 (link). FastQC v0.11.2 (An-
drews 2014) was used to examine fastq files for quality statistics, typically read quality is
exceptional for bases 1-21 of all reads (Q > 32, 99.9% accuracy). Owing to the omission of
the index read step during sequencing, reads were demultiplexed by identifying index se-
quences the primary read using Axe ([Link]), performed by Kevin Murray. Reads were then
aligned to the Arabidopsis genome (TAIR10) using bowtie2 v2.2.5 (Langmead et al. 2012),
using the flags: -a to report all matches for multi-mapped reads; -D 20 and -R 3, increases
the likelihood that bowtie2 will report the correct alignment for a read that aligns to many
places and -i S,1,0.50, reduces the substring interval, further increasing sensitivity; –end-to-
end, preventing trimming of reads to enable alignment; -L 10 reduces substring length to 10
(default 22) as these are short reads and -N 0 requires exact match in the seed; –score-min
L,0,0 reports only exact matches in –end-to-end mode (alignment score of 0 required which
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Figure 2.2 – Degradome Profiler Pipeline
In Steps 1-4, reads are aligned to the genome using subjunc and subsequently summarised into
strand specific, base-pair resolution coverage bed files. The coverage files are then analysed by
the biasSEQr module in R to calculate normalised coverage profiles of all transcripts, producing
summary csv files, average coverage plots and heatmaps.
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is max possible in end mode). Reads were then sorted, indexed and compressed using sam-
tools v1.1-26-g29b0367 (Li et al. 2009a) and strand specific bigwig files were generated using
bedtools genomecov v2.16.1 (Quinlan et al. 2010) and the UCSC utility bedGraphToBigWig
link for viewing in IGV (Robinson et al. 2011).
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Results I - Beyond the established pipeline, mRNA abundance
in a complex transcriptome
PAP, SAL1 and XRNs concordantly activate EL and Drought responsive
genes
To interrogate the messenger RNA profiles of xrn2-1xrn3-3 and alx8 plants custom strand-
specific Illumina sequencing libraries were prepared (as described in methods) from polyA
selected RNA. Libraries were prepared in biological triplicate and sequenced to combined
total depth of 89.0, 79.9 and 94.2 million genome mapped reads for Col-0, xrn2-1xrn3-3 and
alx8 samples respectively. To identify differentially expressed genes, an orthodox RNAseq
analysis pipeline and differential expression testing approach employing edgeR and limma-
voom was applied as described in methods. Differential expression testing revealed a total of
3889 up- and 2498 down-regulated transcripts in alx8 (Supplementary Data 2.2) and 1636 up-
and 1116 down-regulated transcripts in xrn2-1xrn3-3 samples out of 19,444 gene loci retained
after filtering and removal of low abundance tags (Supplementary Data 2.2; FDR-adjusted p
< 0.05, absolute fold change > 1.5).
Consistent with the SAL1-PAP-XRN signaling model described in chapter 1 there is a
strong correlation and highly significant overlap between the differential expression profile
of the mutants (Figure 2.3). More than 67% of the transcripts differentially expressed
in xrn2-1xrn3-3 were similarly differentially expressed in alx8 (Figure 2.3 A and B). To
confirm the strong qualitative correlation observed in the heatmap in Figure 2.3 A, rotational
gene set tests were performed using ROAST (Wu et al. 2010) to test whether the alx8
transcriptional signature is significantly conserved in xrn2-1xrn3-3. Gene weights equal to
the log-fold-change observed in alx8 were assigned; hence, genes were weighted according
to the strength and direction of their regulation in alx8. This analysis confirmed that the
main body of genes change in the same direction in xrn2-1xrn3-3 as in alx8 (p < 0.001) and
no sizeable group of genes change in the opposite direction (in fact a relative depletion of
antagonistic changes is observed), as summarised in Figure 2.3 panel C.
In total, the alx8 samples showed a greater number of differentially expressed genes com-
pared to xrn2-1xrn3-3, suggesting that either elevated PAP levels in alx8 can cause a more
complete inhibition of the XRNs enzymes as compared to the knock-down exoribonuclease3-3
(xrn3-3) allele or alternatively additional targets or modes of action could exist for PAP.
These results confirm the earlier observations from the microarrays and are consistent with
the epistatic SAL1-PAP-XRN retrograde signaling model.
Previously we have found that 25% of the EL-responsive transcriptome is constitutively ac-
tivated in the alx8 mutant, including key stress response genes such as ZAT10, DREB2A,
ELIP2, and APX2 (Wilson et al. 2009). This constitutive activation also leads to hyperexpres-
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Figure 2.3 – RNAseq corroborates the epistatic relationship between SAL1 and XRN2/XRN3
affecting the expression of many transcripts.
A Heatmap comparing the expression profile of transcripts in alx8 and xrn2-1xrn3-3 mutants
(transcripts filtered for alx8 FDR-adjusted p < 0.05, fold change > 1.5) with rows (transcripts)
clustered as indicated by the dendrogram.
B Venns diagrams indicating the overlap between up- and down-regulated transcripts. P values
refer to ROAST gene set tests.
C Barcode plot displaying the relative rank of all transcripts in xrn2-1xrn3-3 from up-regulated to
down-regulated, overlaid with the relative positions of the alx8 transcriptional signature.
Transcripts up-regulated in alx8 (red bars) are enriched among the highly ranked xrn2-1xrn3-3
transcripts (up-regulated) and vice versa for down-regulated transcripts (green bars). To improve
the statistical power of this analysis the alx8_7 sample was included.
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sion of these transcripts upon EL stress exposure (chapter 1, Figure 1.7; Rossel et al. 2006).
This previous comparison of alx8 (Wilson et al. 2009) and EL stress (Rossel et al. 2007) expres-
sion data was made between data collected in separate experiments, likely introducing many
confounding factors such as growth conditions, plant age and technical variations. Thus, an
RNAseq comparison between alx8, xrn2-1xrn3-3, EL and drought stress was performed on
plants of the same age grown side-by-side. The EL and drought RNAseq data is presented
in full in chapter 5, Figure 5.3. Here the overlaps in expression changes between the mutants
and stress conditions are summarised in a Venn-table in Figure 2.4. Impressively, the same
proportion (27% vs 26%) of the EL-responsive transcriptome is activated by the alx8 muta-
tion as was observed previously (Wilson et al. 2009). However, a much smaller percentage is
activated in xrn2-1xrn3-3 plants, partly due to the lower number of transcripts differentially
expressed in xrn2-1xrn3-3. Nevertheless, of the transcripts down regulated in xrn2-1xrn3-3,
more than 50% are also down-regulated by EL. Similar levels of overlap are observed when
the mutants are compared to drought-responsive transcripts. These results are consistent
with the model that PAP-signaling via the nuclear XRNs has a high level of specificity for the
regulation of stress responsive transcripts and that PAP-XRN signaling only accounts for a
subset of all stress responsive transcripts. This model is also in agreement with the complex
nature of drought and EL responses, which are controlled by multiple intersecting pathways
and signals.
To understand the regulatory functions of PAP to date most reports have utilised genetic
approaches, principally observing the phenotypes of sal1 mutants, which have constitutively
elevated levels of the nucleotide. However, if PAP has a role as a signaling molecule then PAP
is likely to also elicit rapid, short-term responses, which may be distinct from the phenotypes
observed in mutants with constitutive deregulation. To investigate this possibility, lithium
and PAP treatment assays were developed to study the immediate transcriptional response
resulting from elevating PAP levels. PAP treatment alone does not elicit a response most
likely because the endogenous SAL1 enzyme is able to effectively catabolise exogenous PAP.
Indeed, treatment of wild-type plants with the sal1 inhibitor lithium activated APX2 expres-
sion, and PAP and lithium treatment combined elicit a more significant response. Thus,PAP
can stimulate stress-responsive gene expression.
Modest agreement between RNAseq and microarrays
Overall the RNAseq differential expression results paint a biological picture of an epistatic
signaling relationship between SAL and the XRNs entirely consistent with the microarray
results reported in chapter 1 (Figure 1.8). Indeed, when the expression profiles from both
technologies are overlaid there is good agreement (Figure 2.6 A). However, when the final
numbers of differentially expressed transcripts are compared between the RNAseq and the
mircoarray analysis, the overlap - while highly statistically significant - is surprisingly poor
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Figure 2.4 – Differential gene expression for xrn2-1xrn3-3 and alx8 compared to EL and Drought
stress using RNAseq.
Venn diagrams indicating the overlap between up- and down-regulated transcripts for each
comparison (FDR adjusted p value < 0.05, absolute fold change >1.5). Plants were grown
side-by-side and whole rosettes sampled as described in methods chapter 2 for the mutants and
chapter 5 for stress conditions. Red circles indicate up-regulation and blue circles
down-regulation, percentage overlaps are labeled and "*" symbols indicate significance level of
the overlap calculated by hypergeometric gene set tests.
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Figure 2.5 – PAP feeding.
PAP stimulates ASCORBATE PEROXIDASE 2 (APX2) expression in the presence of Li2+ (n=3 ,
error bars represents standard error and * indicates Tukey’s HSD test P<0.05 compared to both
mock and PAP alone, ^ indicates Tukey’s HSD test p <0.05 compared to Li2+ for each time point
respectively (only statistical tests for Li2+ and PAP + Li2+ are shown).
with only around 35% overlap (Figure 2.6 B). Arguably, this reflects a recurring theme that
can be observed in the literature, where these two gene expression technologies correlate
well, yet the biological outcome, the ultimate list of differentially expressed genes deviates
astonishingly. In an extensive comparative study, Wang et al. 2014a observed between 25%
and 60% concordance between RNAseq and microarray differential expression results, with
the degree of similarity correlating with the extent of difference between the samples that
were contrasted. For instance, if a treatment induced changes in gene expression for a large
number of genes, then RNAseq and microarray results were more concordant. Thus, the
results presented here are consistent with expected variation between the technologies.
Importantly, the RNAseq data provides significantly more information of great value to this
investigation. In particular, RNAseq has a superior dynamic range and provides abundance
at base-pair resolution along the length of a transcript. The significantly greater dynamic
range of expression values compared to the microarray data can be seen in Figure 2.6 C. Most
of the transcripts identified as differentially expressed by microarray fall in the mid-range of
abundance levels from around 2 to 8 counts per million (log2). The superior dynamic range
of RNAseq may account for some of the differences observed between the two technologies;
it is well established that RNAseq has improved accuracy for lowly expressed genes (Wang
et al. 2014a). Indeed may low abundance transcripts appear to be uniquely identified as
differentially expressed in the RNAseq data. In addition, the 3’ ITV microarrays are likely
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to be significantly more affected by any 3’ bias present in the transcriptomes of the samples.
Both of these possibilities were investigated further by looking more deeply into the RNAseq
results.
A confounding issue of mRNAseq data normalisation
In contrasting the results of the RNAseq analysis with the earlier microarray profiling two
marked trends in the RNAseq data emerged. Interestingly, for both xrn2-1xrn3-3 and alx8
there appears to be a strong trend among the differentially expressed transcripts towards
up-regulation of low abundance transcripts (Figure 2.7 A-B). For alx8 there are 56% more
up-regulated transcripts compared to down (3889 versus 2498) and as depicted in Figure 2.7
C, the mean expression levels for the differently expressed transcripts is 3.7 CPM (median
3.4 CPM) compared to the genome average expression level of 10.9 CPM (median 12.3 CPM).
Similarly, for xrn2-1xrn3-3 there are 46% more up-regulated transcripts (1636 versus 1116)
and an even greater bias toward low abundance with a mean expression level of 1.6 CPM
(median 1.1 CPM) among the differentially expressed genes.
Given that in this experiment we have impaired RNA metabolism, it is not surprising that
there is a skew towards up-regulation. This observation points towards the initial hypothesis
that there is a global increase in the size of the mRNA pool. The normalisation and inter-
pretation of this dataset requires careful consideration given this possibility that impairment
of RNA decay could alter the profile and distribution of reads mapping along the length of
an mRNA as well as the composition of the entire mRNA population. Due to the nature of
sampling in RNAseq, transcripts that are truly present in the same abundance in both mutant
and wild-type could be under-sampled in the mutants due to the increase in the total num-
ber of RNA molecules competing for the sequencing real-estate. Under-sampling can lead
to an apparent down regulation due to a lower overall representation in the final sequencing
library.
The need for careful consideration of the normalisation issue here is highlighted by some
simple hypotheticals outlined in Figure 2.8 (inspired by Robinson et al. 2010b). Consider a
hypothetical RNAseq experiment comparing the RNA populations for a control sample and
a test sample (a treatment, mutant, tissue etc). As shown in Figure 2.8 A, if we sequence the
control sample to twice the depth as the mutant sample, then all transcripts will appear to
be down-regulated in the mutant sample based on raw read counts. Hence, it is necessary
to scale the mutant sample based on the total library size, in other words scale by two
fold. Scaling by library size is the method employed by Reads Per Kilobase per Million
(RPKM, often attributed toMortazavi et al. 2008) or simply Counts Per Million (CPM) type
approaches. However, there is an important problem widely acknowledged with this kind of
simple normalisation method as shown in Figure 2.8 B. Now consider the transcriptome to
consist of just four genes, A, B, C and D; however, this time in the control-2 sample only genes
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Figure 2.6 – Differential gene expression for xrn2-1xrn3-3 using RNAseq compared to
microarrays.
A RNAseq differential expression volcano plot (P value versus fold change, P value refers to
xrn2-1xrn3-3/control (log(FDR adjusted p))) yielding a typical volcano pattern. Dots are coloured
according to microarray results, red up in microarray, blue down in microarray, black not
differentially expressed in microarray.
B Venn diagrams indicating the overlap between up- and down-regulated transcripts (FDR <
0.05%, fold change >1.5), only transcripts detected by both technologies are included. P values
calculated by ROAST gene set tests.
C RNAseq MA plot of log2 fold change (xrn2-1xrn3-3/control) versus average log2 CPM. Points
are coloured according to microarray data as in A.
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Figure 2.7 – RNAseq fold change compared to abundance.
MA plots of log2 fold change (vs wild-type) and average log2 CPM after TMM normalisation to
account for library composition difference and Voom transformation to convert to log2 CPM in A
xrn2-1xrn3-3 and B alx8. A skew towards up-regulation is evident.
C Density histogram comparing the abundance of all transcripts to transcriptome (blue
histogram) to the abundance of the subset of transcripts differentially expressed in the
xrn2-1xrn3-3 (green histogram) and alx8 (red histogram). The average abundance of the
differentially expressed transcripts for both mutants is significantly different compared to the
genome average (Tukey’s HSD test p < 0.001).
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A, B and C are expressed. Importantly, genes B and C are truly expressed at the same level
in both samples. Gene D is expressed at relatively high levels only in the mutant-2 sample. If
both samples are then sequenced to the same depth, based on the raw read counts delivered
by the sequencer, for the mutant-2 sample there would be an apparent down regulation of
genes A, B and C (and gene D would be up-regulated). If the reads are scaled to the total
library size, for instance by the RPKM or CPM, this situation is also not corrected for because
the libraries are the same size in this case so no scaling would be applied at all.
The aim of normalization is to remove systematic technical effects that occur in the data to
ensure that technical bias has minimal impact on the results. There is clear need to adjust
for under-sampling in the mutant-2 sample due to the high expression levels of gene D. The
fundamental issue here is the appropriate metric of expression to compare across samples.
Estimated normalisation factors should ensure that a gene with the same expression level in
two samples is not detected as DE (i.e. genes B and C). Scaling to library size as a form of
normalisation makes intuitive sense, given it is expected that sequencing a sample to half
the depth will give, on average, half the number of reads mapping to each gene. How-
ever, as demonstrated here since different experimental conditions can express diverse RNA
repertoires, the relative proportions can vary to the degree that they are no longer directly
comparable. To address this issue Robinson et al. 2010b developed the method Trimmed
Mean of M-values (TMM), which is the method initially employed here in the preceding
sections (Figure 2.3). This method estimates a normalisation factor to account for potential
differences in the composition of the RNA pools between sample groups. In the hypothetical,
the TMM method would scale up all genes in the mutant-2 sample, such that genes B and C
are at the same level in both samples, which is precisely what is required for this example.
Critically, the TMMmethod is based on the assumption that most genes are not differentially
expressed. In the thought experiment scaling to genes B and C yields the lowest number of
DE genes. Robinson and Oshlack report that the TMM factor is robust for lower coverage
data where more genes with zero counts may be expected and is stable for reasonable values
of the trim parameters (Robinson et al. 2010b). The TMMmethod is robust against deviations
from this assumption up to about 30% of DE in one direction, which is applicable to most
applications.
However, in the xrn2-1xrn3-3 and alx8 datasets an unexpected and perhaps counterintuitive
result can be observed. For xrn2-1xrn3-3 and alx8 there is a skew towards up-regulation. This
trend is confirmed in Figure 2.9 A-C. When we consider a density histogram of M-values (log
ratios or fold change) for two control replicates the histogram concentrates on zero. How-
ever, when the log ratios between an xrn2-1xrn3-3 sample and a control sample are plotted
the histogram displays a shift away from zero, favouring up-regulation in the mutant tran-
scriptome (the same trend is observed for alx8). The problem is that this is the opposite of
the result expected if there is a global increase in the size of the mutant mRNA populations.
This result actually points to an increase in the size of the mRNA pool for the control sample,
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Figure 2.8 – RNAseq normalisation thought experiments.
A Two RNAseq populations, which truly have the same expression levels of genes A, B, C and D
are sequenced to different depths. Based on raw counts all genes would be called DE (indicated
by *) demonstrating the need to normalise raw counts for the purpose of differential expression
testing. In this scenario scaling to total library size (scaling the mutant by 2x as indicated by the
arrows) using the RPKM or CPM approach is sufficient and no genes are called DE.
B Two RNAseq populations express a different repertoire and a different RNA pool size, however
most genes are truly expressed at the same levels. Genes B and C are truly expressed at the same
levels. This scenario demonstrates that more sophisticated normalisation is necessary. Gene D is
only expressed in sample mutant-2, increasing the size of the mRNA pool, causing under
sampling of the remaining genes. Scaling to library size alone is not appropriate in this instance.
The TMM method determines the scaling factor after trimming the high and low values and
assumes that most transcripts are to DE. Here the sample mutant-2 is scaled up such that genes B
and C are not erroneously called DE and genes A and D are appropriately called DE.
C Two RNAseq populations express a different repertoire and a different RNA pool size,
however most genes are truly expressed at different levels. Lowly expressed genes B and C are
truly expressed at higher levels in alx8, where as only gene A is truly expressed at the same level
in both samples. TMM assumes most genes are not DE and according scales all genes down in
alx8, erroneously calling gene A as down regulated. What is required here is a reverse TMM,
which scales all genes up for alx8, however the scaling factor seemingly cannot be determined
with an internal standard to use for calibration.
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Figure 2.9 – The unusual skew in the xrn2-1xrn3-3 and alx8 RNAseq data.
Log ratios of expression counts corrected for library size (M-values). For two technical replicates
of the WT (control) samples A, xrn2-1xrn3-3 versus WT expression levels B, and alx8 versus WT
expression levels C. The histograms of the mutants show a clear offset from zero, favouring
up-regulation in the mutants.
M versus A plots (log ratios versus abundance) comparing xrn2-1xrn3-3 and WT D, and alx8
versus WT E, illustrating an offset from zero. Blue arrows indicate a small class of highly
expressed genes that appear to be over-expressed in WT samples compared to the mutants.
Orange arrows indicate a large class of low abundance genes apparently over-expressed in the
mutants. The lowess regression curve is indicated by the red line, demonstrating a trend in the
log-fold change with log-concentration. The smear of orange points highlights the genes that
were observed in only one of the samples.
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or conversely a decrease in the mRNA pool for the mutants. This trend is illustrated in the M
versus A plots (log ratios versus abundance) in Figure 2.9 D-E. The orthodox interpretation of
this plot would be that there is a prominent group of high abundance transcripts that are up-
regulated in the control sample (indicated by the blue arrow in Figure 2.9 D-E), which causes
under-sampling of many low abundance transcripts (orange arrow) in the control. In other
words, there is a skew toward up-regulation for the mutants because the size of the mRNA
pool decreased, causing over-sampling of the low abundance genes. Indeed this is precisely
the assumption of the TMM method because the core assumption of TMM is that most tran-
scripts are not differentially expressed. Thus, TMM scales Col-0 samples up and xrn2-1xrn3-3
and alx8 down yielding relatively similar numbers of up- and down-differentially expressed
genes Figure 2.10 A.
However, the initial hypothesis was that many transcripts will be up-regulated in the mutants
precisely due to an increase in the size of the mRNA pool. Indeed, the data presented here
is consistent with this hypothesis if the assumptions of TMM are relaxed. This scenario is
outlined in thought experiment 3 (Figure 2.8 C). Here, an increase in the expression level
of many transcripts (genes B and C) leads to under-sampling of the high-abundance genes
in the alx8 sample. TMM perceives an oversampling of the majority of genes theoretically
attributable to the decreased abundance of gene A; hence, all genes are scaled down for alx8
to account for over sampling. However, I propose a that this is a reverse-TMM situation,
where there is a need to scale up (and thereby increase the number of DE genes).
To explore this possibility of applying a reverse TMM normalisation, differential expression
was calculated after omitting the TMM step (Figure 2.10 B). This leads to a significant in-
crease in the bias towards up-regulation in both mutants. Arguably, an improvement to the
normalisation. If the hypothesis that high abundance genes are less affected by the change
in the mRNA population profile is correct, then normalisation cold be improved further by
applying TMM in combination with an A-value cutoff. In Figure 2.10 (D-E) it can be seen
that there is less of a skew towards up-regulation among transcripts with an abundance
greater than -13 (~5 CPM) illustrated by the vertical red line. When differential expression is
again calculated using TMM with an A-cutoff of -13 the skew towards up regulation in alx8
is increased further again with 8107 transcripts up-regulated and only 893 transcripts down
regulated. This is a dramatically different result from applying TMM with no cut off, thus
applying the correct normalisation metric is of critical importance.
This analysis highlights that we have a fundamental issue estimating the correct normalisa-
tion factor to be applied. In fact, based solely on the current dataset this problem cannot
be resolved. RNAseq analysis has been performed in xrn mutant backgrounds in some or-
ganisms previously; however, differential expression was either not analysed (Kurihara et al.
2012) or the issue of normalisation was not addressed (Manful et al. 2011). The fact that
there are a significant class of transcripts that are only expressed in the mutants (indicated
by the orange dots in Figure 2.9 D-E), tends to support an increase in pool size for the mu-
64 Chapter 2: XRNs and gene expression
tants rather than a decrease in RNA output. In all, there are 229 transcripts that are not
detected in at least one WT replicate, compared to only 3 for alx8 (this is not attributable
to sequencing depth as WT was on average 29.7 million reads, xrn2-1xrn3-3 26.6 and alx8
33.6). If we disregard the underlying biology of the samples, it cannot be determined from
the sequence data alone whether this situation reflects an increase in the mRNA pool size
due to up-regulation of many low abundance transcripts, causing under sampling of a small
number of high-abundance transcripts or vice versa. Properly normalised microarrays can
account for change in the composition of the mRNA pool. However, much of the important
biology appears to be occurring at the low abundance transcripts, which fall below the limit
of detection for microarrays.
In order to determine the relative size of the mRNA populations in WT, xrn2-1xrn3-3 and alx8
what is required is an internal standard to calibrate mRNA abundance against. Given the
possibility that all mRNAs could be affected, using an mRNA such as a traditional house-
keeping/reference gene is not appropriate. A possible internal reference could be DNA
copy number, and, while precedence for this in the literature could not be identified, it is a
future avenue worth considering. Alternatively, the chloroplast and mitochondria transcrip-
tomes might be used as references. The library preparation method applied here uses polyA
selection to specifically exclude the abundant transcripts of the organelles. This RNAseq ex-
periment could be repeated using total RNA and depleting only for rRNA. Of course, it is
possible that the organellar transcriptomes are also perturbed in xrn2-1xrn3-3 and alx8 given
the involvement of SAL1-PAP and the XRNs in retrograde signaling. To investigate this pos-
sibility further, we performed a preliminary profiling of the chloroplastic transcriptome by
qPCR using a single biological replicate of WT, xrn2-1xrn3-3, alx8 and xrn4-6 (Figure 2.11). 1
For this analysis, expression levels are normalised to three nuclear genes. For all genotypes
the change in relative abundance across the entire transcriptome is quite small, falling below
two-fold for the majority of transcripts. This is an encouraging result in regard to using the
organellar transcriptome as a reference. There is also a clear trend with xrn2-1xrn3-3 and alx8
showing mostly down regulation and xrn4-6 predominately up-regulation. Indeed, this could
reflect up-regulation of the nuclear encoded reference genes, which would be consistent with
the hypothesis of a relative increase in the abundance of nuclear transcriptome compared to
the organelle. Thus, it is proposed that a viable and necessary approach to begin to resolve
this issue will be to perform total RNAseq to capture other potential RNAs that could be
used as internal reference species, for instance mitochondrial and chloroplastic RNA. Once
suitable reference species can be identified the Remove Unwanted Variation (RUV) method
(Risso et al. 2014) could be employed to normalise the libraries. Yet, perhaps even this ap-
proach will be susceptible to uncertainties over global shifts in the size of the organellar
transcriptomes. If this is the case, then sequencing a defined number of cells and truly deter-
mining transcript copy number would be another alternative. Techniques for single cell and
absolute abundance are becoming increasingly advanced (Buettner et al. 2015) and present a
1qPCR performed by A. Prof Kate Howell, UWA
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Figure 2.10 – Differential expression result following different normalisation procedures.
MA plots displaying log expression ratios (log2 fold change) versus log abundance for alx8
compared to WT and resulting total number of differentially expressed genes for both lax and
xrn2-1xrn3-3 following A TMM normalisation; B scaling to library size only; and C TMM
employing an abundance cutoff of =13 (~5 CPM). The latter two methods yield a significantly
greater skew towards up-regulation in the mutants.
MA plots for xrn2-1xrn3-3 D and alx8 E with vertical red lines indicating A = -13, the value use to
exclude lowly expressed genes that show the greater trend towards up regulation.
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compelling avenue for further research. Prior to embarking down these avenues of further
investigation, however, it is essential to consider whether these stark differences between the
transcriptomes xrn2-1xrn3-3 and alx8 are attributable to the stabilisation and detection of the
degradome; indeed, identifying and potentially removing signatures of the degradome could
resolve this issue.
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Figure 2.11 – Expression levels of the chloroplast transcriptome in xrn2-1xrn3-3, alx8 and xrn4-6
(ein5-6).
qPCR analysis of the expression levels of the transcripts encoded by the plastid genome. Bars
represent log2 ratios for mutant/WT for one biological replicate only (quantified with technical
replication) normalised to three nuclear transcripts.
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Results II - Mining RNAseq for signatures of the degradome
The Degradome Profiler pipeline and biasSEQr
A key question for this investigation is the extent and abundance of the degradome captured
by RNAseq in contexts beyond miRNA targets and specifically in xrn2-1xrn3-3 backgrounds.
It is essential to identify and account for the degradome in this dataset in order to appro-
priately determine differential gene expression (see Table 1.3 compared to Figure 1.3). By
the same token, by exploiting the base-pair resolution of RNAseq, this same information can
be used to profile the degradome camouflaged in RNAseq data, providing valuable insight
into the function of the XRNs, RNA decay and post-transcriptional RNA regulation. To in-
vestigate the coverage profiles and degradome signatures for individual mRNAs on a global
scale the Degradome Profiler Pipeline was developed, including an R software module called
biasSEQr as outlined in methods.
biasSEQr potentially discriminates between the miRNA regulatory mech-
anisms of translational inhibition and cleavage
Downstream in the miRNA-mediated decay pathway, XRN4 contributes to the decay of 3’
cleavage products generated after miRNA-mediated cleavage (Souret et al. 2004; Rymarquis
et al. 2011). As reported in chapter 1, the 3’ cleavage product of MYB33, CRN, PHB and PHV
all accumulate in alx8 due to inhibition of XRN4 (Figure 1.3). Gy et al. 2007 also reported
accumulation of cleavage products for AGO1, ARF10, ARF16 and ARF17 in fry1 and xrn4-4
mutants. As a proof of concept for the Degradome Profiler Pipeline, the tool was applied to
the alx8 RNAseq dataset and the data for these miRNA targets was extracted to test whether
the earlier results from qPCR (Figure 1.3) and northern blot analysis (Gy et al. 2007) could
be recapitulated. In Figure 2.12, all miRNA target transcripts display a stark enrichment at
the 3’ end, indicating abundant cleavage products, consistent with the qPCR and northern
analyses, demonstrating the utility of this approach.
To explore the base pair resolution of these profiles further, the miR159 targets MYB33 and
MYB65 (Allen et al. 2007; Millar et al. 2005) were analysed in more detail in Figure 2.13.
MYB33 is cleaved by the miR159 family of miRNAs in the fourth exon and this cleavage
event can be detected in WT plants by 5’ RACE (Allen et al. 2010). However, based on the
biasSEQr profile, the miR159 cleavage event can be identified de novo in alx8 plants based
on RNAseq data alone (Figure 2.13 B). The transition from under-representation (blue) to
over-expression (red) can be identified in the coverage heatmap (Figure 2.13 A) and when
this region is viewed in the IGV genome browser, the miRNA cleavage site can be clearly
identified (Figure 2.13 B dashed lines). As a further confirmation of this approach, PARE
(degradome) sequencing was undertaken in alx8 and the PARE signature was compared with
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the RNAseq degradome signature. These sites align perfectly as indicated by the red stack of
PARE reads within the dashed lines in Figure 2.13 B. In WT and xrn2-1xrn3-3 there is also a
clear 3’ enrichment for both MYBs; however, the cleavage site cannot be identified based on
the RNAseq data alone as the transition from low- to high-coverage is not as pronounced as
in the case of the alx8 RNAseq-degradome profile. This initial testing of the biasSEQr pipeline
revealed that these results could potentially provide novel insights into miRNA cleavage and
efficacy through analysing RNAseq-coverage profiles of miRNA targets.
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Figure 2.12 – mRNA coverage profiles for miRNA targets previously analysed in alx8 or xrn4.
The mRNA coverage profiles for 7 miRNA target transcripts that have 3’ cleavage products
known to accumulate in alx8 or xrn4 mutants. The heatmap depicts relative coverage along the
length of each transcript (5’ on the left). After trimming each transcript is divided into 100 bins
and base-pair coverage per bin is summarised as a percentage of total coverage and log2
converted. Theoretical even coverage is 1% per bin (0 on the log2 scale) and appears white, red
indicates enrichment and blue depletion.
To explore whether biasSEQr could provide insight into the biologically relevant targets of
miRNAs, the well characterised miR159 family of miRNAs and their targets were exam-
ined in detail (Millar et al. 2005; Allen et al. 2007; Allen et al. 2010). Bioinformatic and
high-thoughput approaches have identified more than 20 targets potentially regulated by the
deeply conserved miR159 family in Arabidopsis (Allen et al. 2010). Seven of the 20 predicted
targets passed the abundance filters of biasSEQr, likely reflecting the high-levels of miR159
in leaf tissue or low levels of transcription and corresponding lack of the need for silencing
(Figure 2.14). From this analysis it can readily be observed that significant levels of cleavage
products are present for MYB33 and MYB65. Again this analysis is most powerful in the alx8
background. These high levels of detectable cleavage are concordant with robust demon-
stration that MYB33 and MYB65 are the principal and most biologically relevant targets of
miR159 in leaves (Allen et al. 2007). In addition, MGR1 (AT2G34010), a protein of unknown
function, also displays a 3’ enriched RNAseq-degradome profile characteristic of a miRNA
cleavage event. This suggests MGR1 could be a functionally important target of miR159 in
leaves. Indeed, over-expression of MRG1 was shown to cause several defects in leaf mor-
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Figure 2.13 – mRNA coverage profiles for MYB33 and MYB65.
A RNAseq-degradome profile for MYB33 and MYB65 in WT, xrn2-1xrn3-3 and alx8 (as described
in Figure 2.12). All genotypes display a clear 3’ enrichment reflecting detection of cleavage
products; however, alx8 exhibits the sharpest transition from low- to high-coverage. This
transition aligns with the miR159 cleavage site.
B Raw read alignment for MYB33 in alx8, viewed in IGV genome browser tracks. Upper panel
displays RNAseq reads (grey histogram), middle panel PARE reads (red bars) and below is the
MYB33 gene model and a zoomed in view of the miR159 complementary site. The RNAseq
coverage profile and a prominent PARE signature align at the cleavage a site (dashed lines).
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phology and a drastic increase in the number of leaves when silent mutations in the miR159
binding site were introduced (Doctoral thesis, Alves Junior 2007). Given this result, it would
be of great interest to test this approach with other miRNA families and their predicted tar-
gets. A key advantage of this approach is that it would enable rapid global identification of
the biologically important targets of miRNAs that are subject to cleavage in a particular tissue
or in response to a treatment in cases where a list of known or predicted miRNA targets is
available.
A caveat of the application of biasSEQr to identify the biologically relevant targets of miR-
NAs is that this approach cannot account for miRNA regulation by translational inhibition.
However, this very fact may enable a concomitant method to identify miRNA targets that
are in fact preferentially regulated by translational inhibition. To explore this possibility,
the analysis was expanded to all known miRNA targets. A list of 142 experimentally vali-
dated miRNA targets was compiled from Ding et al. 2012a (not including targets identified
by high-throughput experimental approaches such as PARE/GMUCT) and interrogated for
RNAseq-degradome signatures. The biasSEQr software was applied to the WT, xrn2-1xrn3-3
and alx8 RNAseq data. Of the 144 experimentally validated miRNA targets, 73 passed the
length and abundance filters across all samples (alx8 had greater detection power with cov-
erage data for 87 targets). As shown in Figure 2.15 the mRNA profiles were transformed
into heatmaps and hierarchical clustering was performed to group transcripts with similar
profiles. For the alx8 samples the mRNA profiles form two major clusters. The lower cluster
of 35 transcripts (clade 2) displays a very stark 5’ versus 3’ bias with a dramatic enrichment
at the 3’ end. By contrast, the upper cluster (clade 1) displays little or no 3’ enrichment of
significance (a low level of enrichment at the 3’ end is a general feature in polyA-selected
RNAseq). The annotation for each miRNA target is extracted in Table 2.1 in the order it
appears in the heatmap for alx8. Table 2.1 also includes a 3’ bias score (in alx8) calculated
as the ratio of the average coverage of the last 20 bins at the 3’ end divided by the average
coverage of the first 20 bins at the 5’ end (mean(bins[81:100])/mean(bins[1:20])). In some
cases in clade 1 a 3’ depletion is observed, which likely reflects detection of a splice variant
other structural deviation from the reference gene model because 3’ depletion in polyA se-
lected RNA is theoretically not possible. Assuming that the experimental validation of all
of these miRNA targets is robust, the attractive interpretation of these results is that clade 2
miRNA targets are principally regulated by cleavage, while the clade 1 targets favour trans-
lational inhibition. While this interpretation is heavily reliant on the assumption that these
miRNA target validations are robust and also that the relevant miRNAs are expressed in the
tissue sampled (leaf), this methodology warrants further investigation. In summary, clade 1
miRNA targets are candidates for regulation by translational inhibition.
By the same token, it has been observed that only select 3’ cleavage products accumulate
in xrn4 (Souret et al. 2004; Rymarquis et al. 2011), even though in principle all should be
functionally equivalent substrates for XRN4. MicroRNA-mediated cleavage generates 5’
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Figure 2.14 – mRNA coverage profiles for all predicted miR159 targets.
mRNA coverage profiles as described in Figure 2.13 for A all predicted miR159 targets in each
genotype and B Raw read alignment for all targets in alx8, viewed in IGV genome browser tracks.
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Figure 2.15 – mRNA coverage profiles for all miRNA targets.
The mRNA coverage profile for 76 experimentally validated miRNA targets was profiled using
biaSEQr for A WT, B xrn2-1xrn3-3 and C alx8. Note that clustering was performed for each
genotype individually and as such a unique dendrogram is presented in each panel. For alx8,
miRNA targets form 2 clades with distinct coverage profiles.
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Table 2.1 – miRNA target coverage profiles summary for alx8 in dendrogram order.
AGI Clade 1 Gene 3’ bias AGI 2 Clade 2 Gene 2 3’ bias 2
AT5G38610 1 Plant invertase 0.3 AT3G11440 2 MYB65 85.9
AT2G02850 1 ARPN 0.2 AT2G28350 2 ARF10 62.5
AT1G53160 1 SPL4 0.2 AT1G77850 2 ARF17 89.9
AT3G15640 1 Rubredoxin like 0.2 AT1G69170 2 SBP like TF 41.9
AT1G50055 1 TAS1B 0.2 AT1G63400 2 PPR 15.8
AT3G17185 1 TAS3 0.1 AT2G42200 2 SPL9 11.8
AT2G34010 1 unknown protein 1.8 AT3G57920 2 SPL1 12.4
AT2G31070 1 TCP10 1.7 AT5G61430 2 NAC10 12.4
AT2G39675 1 TAS1C 1.6 AT4G30080 2 ARF16 41.9
AT1G02860 1 NLA 3.6 AT1G56010 2 NAC1 20.2
AT3G23690 1 bHLH 4.2 AT1G01040 2 DCL1 33.8
AT4G18390 1 TCP2 6.5 AT3G52910 2 GRF4 32.7
AT3G15030 1 TCP4 2.3 AT5G06100 2 MYB33 31.6
AT5G67180 1 TOE3 4.4 AT2G33810 2 SPL3 195.6
AT2G33770 1 PHO2 9.2 AT1G10120 2 bHLH 687.1
AT1G30210 1 TCP24 9.8 AT2G22840 2 GRF 27.5
AT1G27340 1 LCR 7.6 AT2G45160 2 HAM1 38.1
AT1G63230 1 TPR like 4.8 AT4G37740 2 GRF2 23
AT4G32880 1 ATHB 8 5.7 AT2G36400 2 GRF3 17.2
AT1G27360 1 SPL11 2.5 AT3G60630 2 HAM2 16.2
AT3G54990 1 SMZ 1.2 AT1G62590 2 PPR 11.5
AT2G39681 1 TAS2 1.1 AT1G69770 2 CMT3 4.6
AT2G28550 1 RAP2.7 2.5 AT5G43270 2 SPL2 12.3
AT1G31280 1 AGO2 1.7 AT5G60120 2 TOE2 38.8
AT4G03190 1 GRH1 2 AT5G37020 2 ARF8 12.4
AT3G62980 1 TIR1 3.8 AT1G27370 2 SPL10 46.2
AT1G12520 1 CCS 3.1 AT1G66700 2 PXMT1 16.3
AT3G57230 1 AGL16 3.1 AT3G26810 2 AFB2 54.4
AT1G66230 1 MYB20 0.7 AT4G00150 2 HAM3 12.7
AT2G27400 1 TAS1A 0.7 AT2G45480 2 GRF9 7.4
AT3G15270 1 SPL5 0.8 AT5G53660 2 GRF7 7.1
AT2G28190 1 CSD2 0.4 AT1G52150 2 CNA 26.2
AT1G53230 1 TCP3 0.9 AT1G30490 2 PHV 21.3
AT1G06580 1 PPR 1.1 AT2G34710 2 PHB 36.1
AT3G44860 1 FAMT 1.7 AT1G63150 2 TAS loci 60.9
AT1G15125 1 Met 1.8
AT5G49330 1 MYB11 1.8
AT1G08830 1 CSD1 1.3
AT4G30440 1 GAE1 1.3
AT3G05690 1 NF YA2 1.3
AT5G10180 1 SULTR2;1 1.1
AT5G12840 1 NF YA1 1
AT4G37770 1 ACS8 1.1
AT5G08415 1 Radical SAM 1.2
AT4G36920 1 AP2 1.3
AT1G06180 1 MYB13 1.6
AT3G22890 1 APS1 1.5
AT5G43780 1 APS4 1.7
AT1G17590 1 NF YA8 2
AT5G07130 1 LAC13 2.9
AT1G12820 1 AFB3 2.6
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monophosphates, the preferred substrate of XRN4. Significantly, it was previously reported
that differential accumulation of cleavage products in xrn4 is not due to altered miRNA lev-
els in the mutant (Souret et al. 2004; Gregory et al. 2008). For instance, Rymarquis et al.
2011 observed that the AGO1 cleavage product does not accumulate in xrn4-4 (although on
other occasions AGO1 cleavage products were observed to accumulate [Gy et al. 2007] as was
the case in this investigation also, Figure 2.12). Nonetheless, the authors demonstrated that
when the miR160a complementary site and a downstream 150 nt are swapped from ARF10
into AGO1 replacing the endogenous miR168 cleavage site in AGO1 and the downstream 150
nt, then an AGO1 3’ cleavage product accumulates to greater levels in xrn4 compared to WT.
This downstream 150 nt sequence also contains hexamer motifs that are over-represented
among miRNA targets compared to random sequences, indicating that sequence composi-
tion dictates a level of XRN4 specificity. That said, such a motif might also impede decay by
alternate pathways, leading to stabilisation when XRN4 is lost due to the inability of other
pathways to compensate, rather than XRN4 specificity per se. Nevertheless, clearly one ex-
planation for the 2 clades of miRNA targets observed in Figure 2.15 C is that for cluster 1
the 3’ cleavage products are simply not decayed by the XRN4 pathway; hence, they do not
accumulate in an xrn4 or alx8 mutant. On the other hand, Rymarquis et al. 2011 also point
out that for the putative AGO1 cleavage product there is lack of evidence for involvement
of the nuclear XRN2, XRN3 or the exosome in the degradation of this fragment. However,
if cleavage does occur, the resultant fragments must be decayed by some mechanism. An
alternative explanation consistent with this data could indeed be that cleavage of endoge-
nous AGO1 is not frequent. Introduction of the alternative ARF10 miRNA complementary
site and downstream sequence into AGO1 (Rymarquis et al. 2011) may have led to increased
cleavage of AGO1, explaining the greater levels of cleavage products detected. The important
implication here is that the selective accumulation of cleavage products in xrn4/alx8 could
reflect underlying miRNA cleavage frequency and efficacy.
The complex principles that govern miRNA efficacy have only recently begun to be eluci-
dated. It has emerged that there there are multiple factors at play including central base-
pair complementarity between the miRNA and its target (although this is not essential),
transcript abundance and also factors beyond the sequence complementarity of the miRNA
binding site (Li et al. 2014). biasSEQr potentially offers a method to globally investigate
miRNA efficiency and efficacy using RNAseq data, in particular by exploiting the accumula-
tion of cleavage products in the alx8 or xrn4 mutant. Five-prime RACE and high-throughput
PARE/Degradome sequencing applications are the gold standards for detecting the presence
of a cleavage product. However, the great sensitivity of these methods are also a potential
shortcoming. The detection of very low abundance cleavage fragments may be of small bi-
ological significance as elegantly demonstrated in Allen et al. 2010. The biological relevance
of a cleavage product identified by 5’ RACE would be enhanced if considered in the context
of the overall abundance of full-length transcripts. Thus, 5’ RACE/PARE data can provide
candidate miRNA targets; however, when combined with RNAseq and biasSEQr the power
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to infer biological or functional relevance is greatly increased.
A statical learning approach to predict miRNA targets using RNAseq
The application of biasSEQr to RNAseq-coverage data of miRNA targets has unambiguously
revealed that some miRNA targets have distinct RNAseq-degradome profiles due to miRNA-
mediated cleavage. Thus, the potential to use these profiles to predict miRNA targets from
RNAseq data was explored. It was examined whether a clustering approach akin to statical
learning approach or machine learning could be used to identify miRNA targets. The alx8
RNAseq-coverage profiles were hierarchically clustered into 11 groups (Figure 2.16). Isola-
tion of the clusters with the most obvious 3’ enrichment and 5’ depletion identified 2022
transcripts with putative RNAseq-degradome profiles resembling cleaved transcripts (Fig-
ure 2.16 B). Of the 87 experimentally validated miRNA targets with sufficient read coverage
for analysis in the alx8 sample, just over half (44) were identified by this statical learning ap-
proach. The annotations of transcripts in Figure 2.16 B and C are reported in Supplememtary
Data 2.4. Further refinement of this statical learning approach could enable a new method
for de novo miRNA target identification. While sRNA and PARE sequencing undoubtedly
remain the most direct and accurate methods for high-throughput miRNA target identifica-
tion, biasSEQr provides valuable information regarding the frequency and efficacy of miRNA
cleavage as well as the abundance of cleavage products relative to full-length transcript in
one analysis.
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A global view of the polyadenylated transcriptome
Next, to investigate mRNA coverage patterns of individual transcripts on a global scale, bi-
asSEQr was applied as previously described and heatmaps were generated for all TAIR10
transcripts (Figure 2.17). Overall, this analysis revealed that the patterns of coverage for
individual genes are remarkably conserved between replicates and across genotypes (Fig-
ure 2.17). From the dendrogram 11 sub-clusters were identified (using cuttree), the three ma-
jor clusters are indicated in Figure 2.17 A. Cluster 1 (red bar) displays a general 3’ enrichment
and 5’ depletion. By contrast clusters 2 (purple bar) and 3 (green bar) display 3’ depletion
and 5’ enrichment, likely attributable to isoforms arising from alternative polyadenylation.
An enrichment for 3’ coverage and accompanying 5’ depletion can be observed in the alx8
coverage heatmap compared to both WT and xrn2-1xrn3-3 (Figure 2.17 A-C). Significantly,
little discernible difference can be seen between WT and xrn2-1xrn3-3. To explore the 3’
enrichment for alx8 further, the per bin difference in relative coverage in alx8 compared to
WT was calculated by converting the coverage profile of alx8 to a log2 ratio relative to WT for
each bin, as shown in Figure 2.17 D. In this heatmap the greatest increase in coverage appears
to occur in the last 10-20 bins, although there is a general mosaic pattern to this heatmap.
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For all samples there is a trend towards higher coverage at the 3’ end of transcripts (Fig-
ure 2.18 A), consistent with previous reports on RNAseq coverage (Levin et al. 2010). For WT,
on average a transcript has 53.0% of reads covering the 3’ half of its length, for xrn2-1xrn3-3
53.5% and for alx8 56.1% (Figure 2.18 A). Unexpectedly, but consistent with the heatmaps,
WT and xrn2-1xrn3-3 display a very similar profile, with no global increase in 3’ bias in
xrn2-1xrn3-3. This result suggests that XRN2 and XRN3 do not play an essential role in bulk
mRNA turnover because if they did the stabilisation of mRNA decay intermediates would
be expected to increase the 3’ bias in this plot. Thus, if the XRNs do play a role in bulk
mRNA metabolism, it is presumably then a redundant function that can be compensated
for by other RNA decay pathways. By contrast, alx8 shows a strong bias towards 3’ end
coverage compared to WT. Given that this trend is not observed in xrn2-1xrn3-3, it is likely
attributable to impairment of XRN4 function. Significantly, this enrichment in coverage at
the 3’ ends suggests that mRNA decay intermediates occur in increased abundance in alx8.
Increased 3’ enrichment in alx8 and the similar profiles between xrn2-1xrn3-3 and WT agree
with the observations from the heatmaps.
Next, the average coverage profile was filtered to include only the 3889 up- or the 2498
down-regulated transcripts in alx8 identified by the orthodox RNAseq DE analysis in sec-
tion 2 (Supplementary Data 2.2; FDR-adjusted p < 0.05, absolute fold change > 1.5). For
the genes up-regulated in alx8 the relative 3’ enrichment increases to 55.0% for WT, 55.5%
in xrn2-1xrn3-3 and 60.5% for alx8 (Figure 2.18 B). This corresponds to 1.5 fold more reads
mapping to the 3’ half of a transcript on average compared to the 5’ in alx8 (1.2 fold more
for WT and xrn2-1xrn3-3). When the coverage profile of miRNA targets are examined, as ex-
pected, the bias in alx8 is even greater (Figure 2.18 F). However, in WT and xrn2-1xrn3-3 only
a very minor shift towards 3’ coverage is observed (compared to the genome average), re-
flecting the generally short lived abundance of 3’ cleavage products in WT. Most significant is
the contrast of the coverage of the up-regulated transcripts with down-regulated transcripts,
where almost no 3’ bias is observed in WT or alx8 (Figure 2.18 C); WT has a 3’ bias of 48.9%,
xrn2-1xrn3-3 is 49.2% and alx8 is 50.3%. In this respect the transcripts down-regulated in alx8
are unlikely to be artefacts of the degradome. Interestingly, when the transcripts that are not
DE in alx8 are plotted, alx8 still maintains an enrichment in 3’ coverage over WT. This is a
significant result because it indicates that 3’ bias is a general feature of the alx8 transcriptome
and it does not necessarily result in a DE call when applying orthodox RNAseq differential
expression methods.
Overall, for alx8, of the 21,531 loci with coverage data from biasSEQr, 15,888 show a 3’ bias.
When a WT and alx8 sample are compared directly, the majority of loci (15,355) have an
increased bias towards 3’ coverage in alx8 compared to WT and 2256 have a greater than 1.5
fold increased in 3’ coverage. These genes with greater than 1.5 fold increase in bias com-
pared to WT were examined for overlap with the genes identified as differentially expressed.
Of the genes identified as up-regulated in alx8, one quarter, 527 of 1988 show a greater than
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Figure 2.18 – Genome average mRNA coverage profile.
Relative gene coverage at each percentile of a genes length, averaged across all genes in each
library. The 5 end is on the left. Scale represents relative abundance of each bin compared to the
theoretical even coverage, log2 FC relative to an even distribution of RNAseq coverage in each
bin.
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1.5 fold increase in 3’ bias in alx8 compared to WT representing a significant enrichment (p
< 0.005 hypergeometric test) for 3’ bias among DE genes. In total, three quarters of the DE
genes (1563) have increased 3’ ratio in alx8 compared to WT. Thus, a significant portion of
the genes identified as up-regulated in alx8 by orthodox RNAseq have a significant 3’ bias in
coverage, indicating that differential expression results may be attributable to mRNA decay
products.
Significantly, none of these analyses identified a bias in coverage profile for xrn2-1xrn3-3
compared to WT including the set of genes differentially expressed in xrn2-1xrn3-3 mu-
tant. This results strongly supports the conclusion that the differential expression results for
xrn2-1xrn3-3 are not attributable to partially decayed mRNAs and represent genuine expres-
sion changes.
To further investigate transcript features that may underpin the 3’ enriched transcripts in alx8,
transcript abundance and length were considered. It was observed that the up-regulated
genes in alx8 as a group are lower in abundance than average (Figure 2.7 C); hence, high
steady-state transcripts levels are not a direct determinant of DE. In fact, a slight negative
correlation is observed between average abundance and 3’ bias (Figure 2.19 A-C). However
the average abundance of the transcripts with greatest 3’-bias in alx8 increases somewhat
as abundance increases (Figure 2.19 E). Similarly, increased 3’ bias in alx8 is not correlated
with transcript length and unlikely to be caused by proportionately slower decay of longer
transcripts in particular (Figure 2.20). Another possibility that has not been investigated is
that transcripts with increased 3’ coverage bias could be less stable (independent of length
and abundance) and have a high rate of transcription and commensurately high turnover
rate, leading to increased production of decay intermediates.
5’ tag differential expression
Overall, the relative increase in 3’ bias for up-regulated transcripts in alx8 signals a distinct
possibility that some of the genes identified as DE could in fact be artefacts resulting from de-
tection of mRNA decay intermediates. Of course 3’ bias and genuine expression change are
not mutually exclusive and up-regulated transcripts might preferentially exhibit stabilised
decay products. Nevertheless, an alternative approach to differential expression was tested
by only counting reads mapping to the 5’ portion of genes (Figure 2.21). Indeed, this is an
established alternative approach to RNAseq; for instance, in high-throughput single cell pro-
tocols (Islam et al. 2012). For this "5’ tag" analysis, only reads overlapping a 20 nt window
at the 5’ end of a transcript were used for differential expression testing (a 1 base overhang
of the 100 bp reads was sufficient). The 20 nt window was located 150 nt downstream of the
start of each gene model (150 nt of exon, accounting for any intervening introns) as shown
in Figure 2.21 A. The window placement was optimised empirically and led to exclusion
of 75% of the reads, which roughly equates to using the first quarter of transcripts. This
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Figure 2.19 – Abundance versus 3’ bias plots.
A-C For each genotype normalised average transcript abundance is plotted against relative
enrichment for 3’ coverage versus 5’ (log2). For all genotypes, there is a slight negative
correlation between abundance and relative bias.
D-E Transcripts in xrn2-1xrn3-3 and alx8 with an increase in 3’ bias compared to the WT profile
are plotted (increase in bias versus transcript abundance). For these transcripts in alx8 a slight
positive correlation with abundance is observable.
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Figure 2.20 – Length versus 3’ bias plots.
A-C For each genotype transcript length is plotted against relative enrichment for 3’ coverage
versus 5’ (log2). For all genotypes, there is a positive correlation between length and relative bias.
D-E Transcripts in xrn2-1xrn3-3 and alx8 with an increase in 3’ bias compared to the WT profile
are plotted (increase in bias versus transcript length). For these transcripts in alx8 the correlation
with length is not longer appreciable.
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rationale was also used because the median fragment length of the libraries was around
150 nt; thus, this makes an allowance for fragmentation bias towards the start of the read,
while maintaining a sufficient 5’ enrichment for the tag given that the median mRNA length
in Arabidopsis is 1370 nt (counting cumulative exon length). Promisingly, for alx8 this ap-
proach led to a 50% reduction in the number of genes called as differentially expressed, for
both up and down regulation. However, a similar magnitude reduction also occurred for
xrn2-1xrn3-3, with 60% fewer up-regulated loci and 40% fewer down-regulated. This result
for xrn2-1xrn3-3 creates a difficulty in interpreting these results. On the one hand the tran-
scripts no-longer called differentially expressed in alx8 could represent the true bias artefacts
from decay products. However, given the similar level of reduction in xrn2-1xrn3-3, this effect
might be attributable to a loss of power to call differential expression as a result of excluding
75% of the reads. Ultimately, further analysis is required to investigate these possibilities. A
potential alternative method to resolve this isuue could also be a Cap-Seq analysis, where
by only full-length capped mRNA are captured and sequenced. This could provide a com-
parison and benchmark for full-length transcripts and convention mRNAseq data could be
calibrated with Cap-Seq data.
Results III - XRNs and evidence for gene activation mediated
by Pol II read-through
RNA polymerase II read-through correlates with downstream gene activa-
tion
Termination of RNA Pol II transcription has long been considered a key function of the
nuclear XRNs in yeast and animals (Kim et al. 2004; West et al. 2004). Recently, evidence
was also reported for a similar function in plants (Kurihara et al. 2012). Here the prevalence
and consequences of Pol II read-through were examined by analysis of xrn2-1xrn3-3 and alx8
RNAseq data. RNAseq coverage over mRNA gene bodies and 1 kb up- and downstream
was averaged for all genes on chromosome 1 (Figure 2.22). This analysis revealed prominent
read-though downstream of the Transcription Termination Site (TTS) in alx8 as indicated
by the arrow in Figure 2.22. Interestingly, read-through was less prominent in xrn2-1xrn3-3
at this global level, although a slight increase can be observed. At individual genes, low
levels of read-through were observed in xrn2-1xrn3-3, for instance in Figure 2.31. Thus, the
nuclear XRNs and indirectly SAL1 clearly play a role in suppressing intergenic transcription,
presumably by promoting Pol II termination.
Intriguingly, it was observed that read-through often correlates with activation or up-
regulation of downstream genes where pairs of genes are in a tandem arrangement in the
same strand orientation. To investigate this further, the frequency of the tandem orientation
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Gene model
Coverage
Reads
5’
20 nt window 150 nt exon
3’
182 440 1196 164 518 598 561 1339 2550 198 1157 1341
DE xrn2xrn3
(vs WT)
DE alx8
(vs WT)
5’ tag Full-length 5’ tag Full-length 5’ tag Full-length 5’ tag Full-length
A.
B. C.
Coverage bias
Up-regulated Up-regulatedDown-regulated Down-regulated
Figure 2.21 – 5’ tag approach to differential expression testing.
A Schematic of the 5’ tag approach to differential expression testing. Given the coverage bias
observed in alx8 RNAseq data (red arrow) an alternative approach to calculate differential
expression was employed by only considering reads that overlapped a 20 nt window at the 5’ end
of transcripts (vertical dashed lines). Note that the reads displayed in the ’reads’ track have been
capped by the IGV genome browser, the cumulative coverage is displayed as a grey histogram
above the read track; also this transcript is oriented right to left.
Overlaps in the number of genes called differentially expressed using full-length or 5’ tag data
for xrn2-1xrn3-3 B, and alx8 C. 5’ tags were summarised using featureCounts supplied with a
reference file containing the genome coordinates of each 5’ tag window.
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Figure 2.22 – Pervasive RNA Pol II read-though.
RNAseq coverage averaged for gene body (mRNA divided into 300 bins) and up to 1 kb up- and
down-stream of protein coding gene loci on Chromosome 1. Coverage represents log2 nucleotide
resolution read depth; averaged for 3 biological replicates and normalised as [500/total
sense-exon coverage] for each replicate; average coverage depth before normalisation was 505x,
508x and 590x for WT, xrn2-1xrn3-3 and alx8 respectively. Arrow indicates intergenic transcripts
indicative of Pol II read-through, most prominent in alx8.
among the genes up-regulated in alx8 was considered. Of the 33,602 genes (including
pseudogenes, transposable element genes and ncRNAs) across the genome 45% occur in a
tandem orientation (on the same strand) with their neighbour as depicted in Figure 2.23
A. Astonishingly, all of the 50 most highly up-regulated genes in alx8 (50/50, 100%) occur
in a tandem orientation (Figure 2.23 B), a frequency much higher than would be expected
by chance given the genome-wide frequency of 45%. By contrast, only 25% (13/50) of the
50 most down-regulated genes occur in this arrangement (Figure 2.23 C). When a random
sample of 50 genes were surveyed, 24 out of 50 (48%) occurred in a tandem arrangement, in-
dicating that up-regulated genes are significantly over-represented in tandem arrangements
(p < 0.001, hypergeometric test). Moreover, in many instances the upstream gene was highly
expressed (in absolute terms) and was often also more abundant than the downstream
gene (Figure 2.23 B). For instance, for the 10 genes most highly up-regulated in alx8, 9
occur downstream of a higher abundance neighbour. These results are consistent with the
tantalising model that Pol II read-through can activate the expression of downstream genes.
A second curious observation was made regarding the genomic environment of down-
regulated genes in alx8. Down-regulated genes were frequently observed to have neighbour-
ing Transposable Elements (TEs). In total, 32 of the 50 most down-regulated genes in alx8 oc-
curred in regions of the genome with transposable elements immediately up- or downstream.
Further analysis is required to determine the extent and significance of this correlation (TEs
occur relatively frequently throughout the genome); however, it raises the possibility that
protein-coding genes in alx8 are influenced by neighbouring TEs and chromatin environ-
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ments. One possibility is that genes in alx8 could be susceptible to the spreading of silencing
from adjacent TEs.
Genome-wide mapping of XRN2 and XRN3 substrates using PARE
To identify potential RNA targets of the XRNs, PARE sequencing was performed. PARE
selectively captures RNA molecules with a 5’ monophosphate (such as uncapped mRNAs),
which are the preferred substrate of XRN enzymes (Zuo et al. 2001). In this protocol only the
5’ tag of each RNA species is ultimately captured and sequenced; hence, PARE tags denote
the 5’ end (start) of any uncapped polyA(+) RNA. Previously, the uncapped transcriptome
of xrn4 mutants (German et al. 2008; Gregory et al. 2008) has been examined for the pur-
pose of miRNA target identification. Further analysis of these data sets by Rymarquis et al.
2011 revealed more than 100 transcripts with increased abundance using a combined PARE
and Affymetrix gene expression array analysis. However, PARE has not been performed in
xrn2-1xrn3-3 or alx8. It was hypothesised that by performing PARE, a subset of mRNAs could
be identified with an enrichment for PARE tags, corresponding to the substrate mRNAs of
the XRNs. However, during the preparation of RNA samples for PARE sequencing it became
apparent that the abundance of the degradome in xrn2-1xrn3-3 and alx8 mutants was signif-
icantly greater than in WT plants (Figure 2.25 A-B). Following, 5’ monophosphate polyA(+)
selection and adapter ligation, the degradome of xrn2-1xrn3-3 and alx8 samples could be
amplified with far fewer PCR cycles (Figure 2.25 A). Given this result it was reasoned that
each sample should be amplified with the same number of cycles and accordingly sequenced
to differing depths to reflect the underlying difference in the abundance of the degradomes.
This could be thought of as analogous to an endpoint RT-PCR or a semi-quantitative com-
parison. Following 10 cycles of PCR, the abundance of the PARE libraries were compared
through quantification by capillary gene electrophoresis. In total, the alx8 degradome was 25
times more abundant than the WT degradome and xrn2-1xrn3-3 was 5-fold more abundant
than WT. These results reveal an unexpectedly large difference in the size of the degradomes.
PARE tag abundance increased pervasively genome wide for most genes in alx8 and
xrn2-1xrn3-3 compared to WT (Figure 2.25 D). This was an unexpected result for xrn2-1xrn3-3
and suggests that the nuclear XRNs have a role in the regulation, decay or processing of
most genes. To gain further insight into this role, the profile of the PARE tags over gene
bodies and 1 kb upstream and downstream was analysed (Figure 2.25 D). This analysis
revealed peaks at both the TSS and TTS and a progressive increase in tag abundance over
the gene body. A very significant proportion of tags also map downstream of the TTS,
extending up to 1 kb and beyond. PARE coverage at individual loci is also illustrated in
Figure 2.31. The high density of PARE reads downstream of genes is consistent with the
putative Pol II read-through products observed in the RNAseq data. Significantly, this result
indicates that these read-through products are distinct, uncapped transcripts rather than a
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Gene model
WT
xrn2xrn3
alx8
AT1G28040 AT3G09640 AT5G35631 AT3G33961
Gene 2 Gene 1 Gene 2 Gene 1
33,500 gene pairs 15,044 (45%) Tandem orientationA.
B. Up-regulated alx8
(top 50)
Gene model
WT
xrn2xrn3
alx8
AT2G36490
TE
Genome
Gene 2 Gene 150/50 (100%) 
C. Down-regulated alx8
(top 50)
Gene 2 Gene 113/50 (25%) 
TE TE TE TE
AT2G05520 AT1G17147 AT4G35770
Figure 2.23 – RNA Pol II read-though correlates with downstream gene activation.
A Schematic illustrating that 45% of genes in the genome occur in a tandem configuration,
orientated in the same direction as the gene immediately upstream.
Summary of genomic orientation of the 50 most up-regulated B, and 50 most down-regulated C
genes in alx8, with representative genome browser shots of selected individual loci. All 50
up-regulated genes occur in the tandem configuration, compared to only 25% of the
down-regulated transcripts. Black arrows indicate strand orientation and blue arrows mark the
up/down regulated loci; the location of TEs are also indicated. Coloured histograms represent
strand-specific RNAseq read coverage.
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Figure 2.24 – The degradome is more abundant in alx8 and xrn2-1xrn3-3 samples.
A PARE libraries amplified with varying number of PCR cycles. WT samples required 10 or more
cycles, xrn2-1xrn3-3 10 cycles and alx8 libraries could be amplified with 5 cycles of PCR. Note that
excess PCR causes formation of concatemers, thus later PCR cycles do not yield a linear increase
in the desired product.
B Quantification of degradome (PARE library) abundance following 10 cycles of PCR and sample
purification. Libraries were prepared in biological triplicate and error bars represent SE.
C PARE read distribution averaged for gene body (exons) and up to 1 kb up- and down-stream of
protein coding gene loci. Coverage represents log2 nucleotide resolution read depth; averaged for
3 biological replicates, normalisation was performed during library preparation owing to the
different abundance of the degradome in each sample. Note that PARE reads are 5’ tags, hence
this plot does not represent coverage per se.
D PARE read depth summarised for all loci on chromosome 1. TSS, Transcription Start Site; TTS,
Transcription Termination Site; y axis is log2 read depth, not normalised to reflect the difference
in degradome abundance between samples.
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single continuous pre-mRNA because PARE tags represent the start of each uncapped RNA.
It is also notable that very few tags occur downstream of the TTS in WT and a sharp drop in
tag abundance can be observed at the TTS in Figure 2.25 C.
The increasing density of PARE tags over the body of mRNAs, favouring the 3’ end is also
consistent with coverage bias observed in the RNAseq data (Results section II). This supports
the hypothesis that the degradome contributes to artefacts in the RNAseq expression results.
In fact, the 3’ bias is even greater in the PARE data, with an up to 16 fold (24) enrichment at
the 3’ end compared to the 5’ on average (Figure 2.25 D).
WT
xrn2xrn3
alx8
Gene models
Gene models
- 0
- 25
- 25
- 0
- 25
- 0
- 25
Orientation
Figure 2.25 – PARE coverage at individual loci .
IGV genome browser screenshot displaying strand specific PARE read coverage for individual
loci in a genomic window for each genotype. Read coverage is capped at 25 for viewing. PARE
abundance is concentrated at the 3’ ends of transcripts and immediately downstream in
intergenic regions.
A striking feature of the alx8 and xrn2-1xrn3-3 degradomes are stacks of reads mapping to
the 5’ end of introns (Figure 2.27). For some genes 5’ intron reads comprise the majority
of all reads mapping to a locus. Interestingly, a PARE peak was also observed at the FLC
locus (Figure 2.27 C), likely corresponding to an isoform of the FLC non-coding antisense
transcript coolair (Csorba et al. 2014; Marquardt et al. 2014). Thus, this phenomenon is
likely to also occur at spliced non-coding locus. In yeast and animals, the XRNs are known
to be involved in the decay of introns following splicing (Houseley et al. 2009) and also
the surveillance and turnover of transcripts with aberrantly or mis-spliced introns (Hilleren
et al. 2003; Legrain et al. 1989; Davidson et al. 2012). Thus, these reads could either be
stabilised fully spliced introns or transcripts with introns that have been spliced at 5’ splice
sites that have a defect in completing splicing. Significantly, in either case these intron reads
are theoretically polyadenylated given that the libraries were prepared with poly(A)+ RNA.
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In a pilot experiment using total mRNA, APX2 intron containing transcripts were detected in
both xrn2-1xrn3-3 and alx8 but not in WT (fig:xrnRNAseqInt). While APX2 is known to have
many alternatively spliced isoforms, the retention of intron 2 would introduce a Premature
Termination Codon (PTC) into the resulting APX2 mRNA. Further experiments are required
to determine the nature of these PARE-intron reads; nevertheless, the these results establish
for the first time that the Arabidopsis XRN2 or XRN3 play a role in the decay or surveillance
of introns in the plant nucleus.
Consequences of degradome proliferation
The proliferation of the degradome in alx8 and xrn2-1xrn3-3 mutants raises the possibility
that these uncapped RNA species could have regulatory consequences. On the whole, the
degradome is far less abundant in comparison to mRNAs, nevertheless, several mechanisms
exist that could amplify degradome species. One possibility is that they could provide tem-
plates for the production of dsRNA by RNA Direction DNA polymerases such as RDR6. In
turn, this could lead to siRNA production and PTGS or RNA Directed DNA methylation
(RdDM). Accordingly both of these possibilities were investigated. Firstly, given that PTGS
is enhanced in alx8 and xrn2-1xrn3-3 and both mutants display hyper induction of stress
responsive genes, stress responsive gene expression was also analysed in an rdr6 mutant to
investigate whether loss of rdr6 could impair stress-responsive gene induction. As shown in
Figure 2.28, using ELIP2 or APX2 as marker genes, the rdr6 mutant mirrors the expression
patterns observed in WT plants. Thus, RDR6 is not required for the induction of either ELIP2
or APX2. Next, an alx8rdr6 double mutant was generated to determine whether impairment
of RDR6 and PTGS could revert the pleiotropic alx8 phenotypes to WT. The double mutant
displayed a leaf morphology typical of an alx8 plant, with a slight increase in the downward
curling of the leaves, typical of rdr6 (Figure 2.28 C), hence the gross morphological phenotype
of alx8 is not attributable to RDR6 activity.
Another potential consequence of degradome proliferation is alterations in DNA methyla-
tion resulting from siRNA generation and the action of the RdDM pathway. In addition,
the methylome of alx8 and xrn2-1xrn3-3 plants is of interest given the finding that down-
regulated genes appear to correlate with the presence of nearby TEs (Figure 2.23). Whole
genome bisulfite sequencing was undertaken on three replicates of WT, alx8 and xrn2-1xrn3-3
plants.2 First, the genome wide prevalence of DNA methylation in each context (CpG, CHG
and CHH) was profiled with the hypothesis that an increase in methylation would be ob-
served in the mutants. Surprising, the alx8 mutant displayed a clear reduction in methyla-
tion, specifically in the CHH context, the opposite of the expected result (Figure 2.29). For
protein-coding genes a reduction in CHH occurred upstream and downstream of the gene
loci, which was accompanied by a slight reduction in CHG also (Figure 2.29 A). Given the
2Processing of DNA methylome data performed by Diep Ganguly with guidance and scripts provided by Steve
Eichten
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Figure 2.26 – PARE reads map to introns in alx8.
A significant portion of PARE reads map to the 5’ end of introns in alx8 and xrn2-1xrn3-3 as
marked by the dashed lines and arrows for A AT5G09880, B AT5G49160 and C Coolair, the
non-coding RNA expressed at the FLC locus. PARE abundance and gene models in A, B have
been cropped to fit image.
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Figure 2.27 – APX2 introns.
Stabilisation of introns and intron containing transcripts in alx8 and xrn2-1xrn3-3. A Using primer
pairs depicted in the schematic APX2 introns were profiled in each geotype using qRT-PCR.
B Representative gel bands (n=3) following completion of qRT-PCR reactions. Introns (II) and
intron containing transcripts (I) were detected in alx8 and xrn2-1xrn3-3.
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Figure 2.28 – APX2 and ELIP2 abundance in the rdr6 mutant.
Quantative PCR of the abundance ELIP2 (A) and APX2 (B) in Col-0, rdr6, xrn2-1xrn3-3 and alx8 8
under standard growth irradiance (150 uE) and induction upon Excess-light exposure (1500 uE).
The rdr6 follows the same expression patters observed in WT plants (n=1).
(C) The alx8rdr6 double mutant.
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already low abundance of CHH methylation, the significance of this reduction is not yet
apparent; however, it is clear that there is a significant reduction. One possibility is that
it could be an effect of reduced CHH at nearby transposons. Indeed, the methylation pro-
file of transposons revealed a significant reduction in transposon body methylation in the
CHH context. Recently, it was reported that different pathways are responsible for regulat-
ing methylation at short compared to long transposons (Zemach et al. 2013), accordingly,
DNA methylation patterns for different sized transposons were analysed. This revealed that
specifically short transposons were affected in alx8, losing CHH methylation almost entirely.
Short trasnposons are specifically targeted by the RdDM pathway, which guides a number
of key methyltransferase enzymes, such as DRM2 (Zemach et al. 2013). Interestingly, the
DNA demethylase DML1/ROS1 is one of the most down-regulated genes in alx8 (15 fold
down regulated), perhaps indicating a feedback mechanism as a consequence of reduced
CHH methylation. By contrast, the methytransferase CMT2 is 1.7 fold up-regulated, DDM1
is also 1.7 fold up-regulated and CMT3 is 1.6 fold up-regulated (FDR adjusted p < 0.05). No
other significant changes in the mRNA expression of patterns of core methylation enzymes
were noted.
Redundancy in XRN function: an xrn triple mutant
Despite the phenotypic similarity between xrn2-1xrn3-3 and alx8 plants, a recurring theme
in the analysis of xrn2-1xrn3-3 and alx8 mutants has been the observation that the alx8 phe-
notype is invariably more severe that the xrn2-1xrn3-3 phenotype. For instance, both mu-
tants exhibit an increased abundance of the degradome (Figure 2.25) and a large number
of differentially expressed genes (Figure 2.3), yet these phenotypes are more severe in alx8.
One possible explanation for this is a degree of functional redundancy between the nuclear
and cytoplasmic XRNs, despite their separate localisations. To explore this possibility an
xrn2-1xrn3-3xrn4-6 triple mutant was generated (Figure 2.30). Indeed, the phenotype of the
triple mutant is far more severe than the xrn2-1xrn3-3, and the xrn4-6 mutant has a predom-
inately wild-type phenotype. This suggests the in an xrn2-1xrn3-3 double mutant XRN4 can
partially compensate for loss of XRN2 and reduced XRN3 function (or vice versa). Given this
results closer examination of sub-cellular localisation and reconsideration of the redundancy
between these enzymes is required.
Summary
In summary, the epistatic relationship between SAL1 and the nuclear XRNs was robustly
reproduced using RNAseq. Consistent with the results in chapter 1 there is a very strong
and significant concordance between the differential expression profiles of xrn2-1xrn3-3 and
alx8 mutants. This analysis extends the previous work in chapter 1 by directly comparing
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Figure 2.29 – DNAmethylation coverage.
A DNA methylation coverage for all protein coding genes
B DNA methylation coverage for Transposons.
C CHH DNA methylation coverage for short Transposons.
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Figure 2.30 – XRN triple mutant.
The xrn2-1xrn3-3xrn4-6 triple mutant exhibits a phenotype more severe than the xrn2-1xrn3-3
double mutant or the xrn4-6 single mutant suggesting redundancy in XRN functions. Plants are
26 days old, except xrn2-1xrn3-3xrn4-6 which is 5 weeks old. The rosette leaf morphology of
xrn2-1xrn3-3xrn4-6 includes a bushy rosette, elongated leaves and deformed flower organs.
the expression profiles of the mutants with drought and EL treatments in a single experi-
ment, revealing a significant activation of stress responsive transcripts in the mutants. This
is underscored by the demonstration that PAP treatment can also activate APX2 expression.
Together, these results confirm the epistatic SAL1-PAP-XRN signaling model and indicate an
increased level of specificity for the regulation of stress responsive transcripts.
However, this transcriptomic analysis identified a serious challenge for expression data sets
where RNA metabolism is perturbed. The observed bias towards up-regulation of low abun-
dance transcripts in the alx8 and xrn2-1xrn3-3 strongly suggests that there is a global change
in the levels of mRNA in the mutants. In fact, it is proposed that there are far more up-
regulated transcripts than suggested by orthodox bioinformatic approaches. In this situation
there is fundamental issue estimating the correct normalisation factor to be applied. A po-
tential avenue to resolve this issue is total RNAseq profiling combined with normalisation
against the organelle transcriptomes.
A key question in this experiment was the extent and abundance of the degradome captured
by RNAseq. This is a critical issue because it could contribute to erroneous quantification
of differentially expressed genes. Indeed for the transcriptome of alx8 a significant enrich-
ment of degradome signatures was observed, thus some caution must be exercised when
interpreting this data. Reassuringly, coverage bias was not observed in the transcriptome of
xrn2-1xrn3-3, indicating that the XRNs can genuinely regulate the expression of mRNAs. Sig-
nificantly, this also provides strong evidence that coverage bias in alx8 and up-regulation are
not mutually exclusive and may in fact coincide. It is further demonstrated that degradome
data captured in the alx8 transcriptome has significant potential to aid in the investigation of
miRNA function, a property that warrants further investigation.
To investigate the function and substrates of the XRNs, a combination of RNAseq, PARE
and whole genome bisulfite sequencing was applied to wild-type, xrn2-1xrn3-3 and alx8
plants. This survey of the transcriptome and methylome readily revealed a number of key
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phenotypes that likely contribute to the regulation of gene expression by the XRNs and PAP.
These RNA phenotypes are summarised in Figure 2.31. As previously reported (Kurihara
et al. 2012), intergenic transcription was observed in both alx8 and xrn2-1xrn3-3 mutants
(Figure 2.31 downstream of Gene 3), consistent with Pol II read-through and the established
role of yeast and animal XRNs in Pol II termination (Kim et al. 2004; West et al. 2004). In fact,
it is likely that the prevalence of Pol II read-through would increase the size of the mRNA
pool, which is also predicted based on the differential expression profiling. Significantly,
extending upon previous observations, it is proposed that Pol II read-through also correlates
with up-regulation of downstream genes (eg Gene 2 in alx8, Figure 2.31). As discussed in
Results section II, RNAseq coverage bias can be observed in alx8 (Gene 2). Interestingly, this
appears to correlate with a proliferation of the degradome, which is also enriched in the 3’
portion of transcripts for both alx8 and xrn2-1xrn3-3, supporting the hypothesis that coverage
bias is attributable to persistence of decay intermediates. Moreover, abundant degradome
tags are also observed in the intergenic regions, downstream of genes, correlating with the
accumulation of Pol II read-through products.
Several novel phenotypes of xrn2-1xrn3-3 and alx8 mutant were identified, which present
promising avenues for future investigations. Specifically, the XRNs are likely to have a role
in the decay or surveillance of introns and a specific effect on DNA methylation in the CHH
context upstream of genes and at transposable elements was discovered. Lastly, the gen-
eration of the xrn triple mutant strongly suggests that closer analysis of the sub-cellular
localisations of the XRNs is required.
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Figure 2.31 – Transcriptional overview of WT, xrn2xrn3 and alx8.
IGV genome browser screenshot summarising the many aspects of RNA transcription and decay
that are perturbed in xrn2-1xrn3-3 and alx8 mutants. This includes intergenic transcription,
presumably due to impaired Pol II termination; RNAseq coverage bias; a proliferation of the
degradome at the 3’ ends of genes and in intergenic regions; and overlapping sense anti-sense
transcription.
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Supplementary Data
Click on [Link] to view in internet browser.
Supplementary Online Data for Chapter 2 is available on line at this link Chapter-2-XRN-
mediated-Regulation [Link].
The code for the RNAseq pipeline is documented at https://github.com/pedrocrisp/
NGS-pipelines.
Log files for the RNAseq analysis are provided in Supplememtary Data 5.3 available at this
link RNAseq pipeline log files [Link].
Supplememtary Data 2.2 is available at xrn2xrn3 RNAseq table [Link]
Supplememtary Data 2.3 is available at alx8 RNAseq table [Link]
Supplememtary Data 2.4 is available at Table-miRNA-prediction-b [Link]
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Figure 2.32 – Supplementary: RNAseq QC outlier identification.
A Multi-dimensional scaling plot displaying clustering based on largest log2 fold-changes
between samples. The sample alx8_7 appears to be an outlier that does not cluster with the other
replicates. Y axis is log2 fold-change with replicate groups (Sample log2 RPKM) (Median log2
RPKM)
B RPKM M versus A plots (sample group median vs sample). The left panel illustartes the good
correlation between WT samples, whereas in the upper right panel the alx8_7 replicate displays a
large deviation from the other alx8 replicates evident by the significant degree of scatter. The
correlation between the alx8 replicates is significantly improved once this sample is removed as
shown in the lower left panel.
C Average distribution of reads along the length of all genes in the transcriptome. Transcripts
was filtered for all length > 401, then 150 nt was trimmed for each end and transcript were
divided into 100 bins and reads mapping along the length of the transcript were expressed as a
percentage of total reads mapping to each transcript. The alx8_7 sample displays an unusual
artefact with a loss of reads mapping towards the 5 end of transcripts on average. This sample
was excluded from further analysis.
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Chapter 3: Expanding roles for the
PAP retrograde signal
PAP regulates a non-canonical ABA-signalling mechanism
converging on mRNA regulation
Wannarat Pornsiriwong, Gonzalo M. Estavillo, Kai Xun Chan, Peter A. Crisp, Su Yin Phua,
Pip B. Wilson, Christopher I. Cazzonelli, and Barry J. Pogson (2014), Beyond the chloroplast -
new roles for retrograde signals as ABA agonists in stomatal closure and germination.
The results presented in this chapter are part of the manuscript Pornsiriwong et al. 2015 being
reversed for submission to Science. This chapter presents my contribution to the paper along
with additional results, comments and discussion. Some contributions made by co-authors
are also reproduced where indicated.
Introduction
Stomatal closure is one of the most important and immediate avoidance responses to drought
stress in plants (Jones 2007). It involves the interplay between Abscisic Acid (ABA) and sec-
ondary messengers, such as nitric oxide (NO), Ca2+ and Reactive Oxygen Species (ROS),
which coalesce to trigger closure. To date, investigations have identified nearly all of the
enzymes involved in ABA metabolism, more than 230 loci regulating ABA responses (listed
in Supplementary Table 4.11), and thousands of genes regulated by ABA in various contexts
(reviewed in Hauser et al. 2011; Finkelstein 2013). Nonetheless, the complexities and nu-
ances of ABA signalling in different tissues, across developmental stages and in response to
varying environments continue to be investigated. It is often recognised that there are ’core
components’ of the ABA signaling pathway required across many contexts. In stomata, ABA
acts primarily via the RCAR/PYL receptors, the protein phosphatase 2C ABI1 (Koornneef
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et al. 1984; Leung et al. 1994; Meyer et al. 1994), and the Snf1-related kinase 2 SnRK2.6/OST1
(Hauser et al. 2011), which activate ROS accumulation, release of ions and other cellular
processes that close stomata (Hauser et al. 2011). Thus, exogenous and endogenous ABA-
responsiveness is severely reduced in ABA insensitive mutants, impairing stomata closure
and reducing drought tolerance.
Gene expression and RNA processing also play a central role in ABA signaling (Kuhn et al.
2003; Fujita et al. 2011; Wang et al. 2011b; Lumba et al. 2014). Impairment of various transcrip-
tional components in ABA pathways causes a plethora of defects in ABA response. However,
in the context of stomatal closure it is unclear whether there is an absolute requirement for
transcriptome change in order to activate the immediate electrophysiologcal processes that
close stomata in response to ABA. Transcription factors represent one of the most heavily
researched components at the interface of ABA and transcriptional regulation. Several fam-
ilies of transcription factors are essential for ABA signalling and are directly activated by
the core signalling components, for instance the SnRK2 kinases phosphorylate ABF/AREBs
transcription factors. Many ABA-induced genes contain this conserved ABRE in their pro-
moter regions, targeted by the group A subfamily of ABF/AREBs transcription factors (also
designated bZIP), including ABI5 (Finkelstein et al. 2000). APETALA2 (AP2)/ethylene re-
sponsive factor (ERF) domain transcription factors (including the subfamilies AP2, DREB,
ERF and RAV) also play a major role in ABA signaling. ABI4 is the key member of the DREB
subfamily, linking ABA, sugar and retrograde signaling (Giraud et al. 2009; Wind et al. 2013).
B3 domain transcription factors control embryo maturation and the transition to dormancy
and are mainly involved in hormone signaling pathways and include ABI3, FUS3 and LEC2.
The MYB, MYC, NAC and WRKY transcription factor families also participate in ABA- and
stress-induced gene expression and have been identified as ABA regulated genes themselves.
In fact, up to 11 different TF families have been implicated in ABA-related processes (Fujita
et al., 2011).
In addition to the many transcription factors that participate in ABA response, numerous
epigenetic regulators have been linked to ABA regulated gene expression (reviewed in Chin-
nusamy et al. 2008). Forward genetic screens have also identified several enzymes involved
in RNA processing or degradation, including AHG2 (PARN, a poly(A)-specific ribonucle-
ase), AHG11 (a PPR protein), ABH1 (an mRNA cap-binding protein), and SAD1 (an snRNP)
(Hugouvieux et al. 2001; Murayama et al. 2012; Nishimura et al. 2005; Xiong et al. 2001a).
Interestingly, characterisation of these RNA regulators revealed all constitute negative regu-
lators of ABA signaling.
Several transcriptional regulators are directly linked to stomatal closure including ABH1,
CBP20, AHG2, HYL1, GRP7, MYB44, MYB60, MYB61, ERF7 and Sin3 (Gray 2005; Kwak et al.
2008). Interestingly; again, in almost all cases loss of function mutations lead to ABA hyper-
sensitivity or impairment of stomatal opening. Significantly, the constitutive over-expression
of ABI3 in the abi1-1 mutant background has been shown to rescue the abi1-1 mutation
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(Parcy et al. 1997), demonstrating that manipulating transcriptional regulators can re-wire
the canonical signalling pathway to alter stomatal movements. In addition, in some instances
application of transcriptional inhibitors impairs stomatal closure (Fukuda et al. 2000). To-
gether, these reports provide evidence that factors beyond electrophysiology are required for
effective stomatal regulation.
As described in chapter 1, SAL1-PAP-XRN retrograde signaling is thought to play a role
drought response given that exoribonuclease2-1 exoribonuclease3-3 (xrn2-1xrn3-3) and sal1 mu-
tants are drought tolerant and that 3’-phosphoadenosine 5’-phosphate (PAP) accumulates
during drought. Consistent with this hypothesis, we recently discovered a novel intersec-
tion between PAP-signaling and ABA-signaling (Pornsiriwong 2011). PAP levels increase
four-fold when ABA is exogenously applied to plants and reached levels similar to those
observed after 6 days of drought in wild-type plants, establishing a regulatory link be-
tween ABA and PAP. Most notably, the altered expression of APX2 8 (alx8) mutation is able
to rescue ABA-insensitive phenotypes of the open stomata 1 (ost1) and aba insensitive 1 (abi1)
mutants suggesting that PAP-signaling complements or bypasses the canonical ABI1/OST1
ABA-signaling pathway. alx8 plants were crossed with drought sensitive mutants impaired
in the perception of ABA (abi1 and ost1) and also mutants in ABA biosynthesis (aba2-3)
(Koornneef et al. 1984; Léon-Kloosterziel et al. 1996; Leung et al. 1994; Mustilli et al. 2002).
Elevated levels of PAP, a lack of SAL1 protein and many of the visible phenotypes of alx8
were observed in the double mutants (Figure 3.1 A).1 When challenged by drought stress abi1
and ost1 rapidly displayed severe chlorosis and widespread wilting compared to the gradual
onset of these symptoms in wild-type plants. Conversely, all double mutants together with
the single mutant alx8 remained green, maintained higher relative water content and were
photosynthetically viable (Figure 3.1 A).
Given the impressive reversion of drought sensitivity in the ost1 and abi1 mutants conferred
by the alx8 mutation, we further investigated the ABA-responsiveness of stomata by mea-
suring leaf temperature, stomatal conductance (gs) and aperture. When treated with ABA
ost1 plants remain cold due to their open stomata and correspondingly high levels of gs.
In contrast, for ost1alx8 plants ABA treatment increased leaf-temperature, reduced stomatal
aperture and led to a reduction in gs, pointing to a restoration of ABA-sensitivity and stom-
atal function (Figure 3.1 B, C, D). Additionally, PAP likely mediates ABA-induced stomatal
closure independent of NO (Figure 3.1 E), a characterised secondary messenger in guard
cells (Hauser et al. 2011). While the presence of the inhibitor of NO synthase, NG-nitro-L-
Arg-methyl ester (NMA) prevented ABA-induced stomatal closure in WT (Figure 3.1 E) there
was no reduction of closure by NMA in ost1alx8 plants. By the same token, this results could
also indicate a perturbation in the NO pathway, perhaps hypersensitivity or constitutive ac-
tivation downstream of NO, which could contribute to the mechanism of PAP-stimulated
stomatal closure. Consistent with a role in stomatal regulation we were also able to confirm
1Experiments performed by Wannarat Pornsiriwong and Gonzalo Estavillo
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Fig. 1. The loss of SAL1 restores stomatal responsiveness in ABA insensitive mutants. (A) 
Representative photos of two plants per genotype subjected to drought by withholding water for 
10 days. (B) Effect of 20 µM ABA on stomatal conductance (gs) after 2 h feeding through the roots 
of hydroponically-grown plants. The data is the average of two independent experiments (n = 3 
plants per genotype per experiment). (C), (D) The effect of 50 µM ABA for 2 h on stomatal 
aperture (ratio of pore width to length) was (C) measured on leaf peels from 5 to 6-week-old 
plants after treatment and (D) viewed with light microscopy. (E) The effect of NO reduction on 
ABA-induced stomatal closure using the inhibitor of nitric oxide synthase, NMA, after treating 
epidermal peels with ABA. The averages of 100 stomata per genotype ± SD are plotted. 
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Figure 3.1 – The loss of SAL1 restores stomatal responsiveness in ABA insensitive mutants.
(A) Representative photos of two plants per genotype subjected to drought by withholding water
for 10 days. (B) Effect of 20 t¸M ABA on stomatal conductance (gs) after 2 h feeding through the
roots of hydroponically-grown l t . The data is the average of two independent experiments (n
= 3 plants per genotype per experiment). (C) and (D) The effect of 50 t¸M ABA for 2 h on st matal
aperture ( atio of pore idth to length) wa (C) m asured on leaf els from 5 to 6-week-old
plants after treatment and (D) viewed with light microscopy. (E) The effect of NO reduction on
ABA-induced stomatal closure using the inhibitor of nitric oxide synthase, NMA, after treating
epidermal peels with ABA. The averages of 100 stomata per genotype s´ SD are plotted.
Experiments performed by Wannarat Pornsiriwong and Gonzalo Estavillo.
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that SAL1 is localised to chloroplasts in epidermal peels and guard cells. Therefore, the ab-
sence of SAL1 protein and consequential increase in PAP restored responsiveness in abi1 and
ost1 guard cells. These results suggest that during drought and in response to ABA, PAP is
able to activate or engage components of the ABA signalling pathway that compensate for
loss of OST1 and ABI1.
In this chapter, the mechanism by which PAP can stimulate stomatal closure is investigated.
In particular, it is examined whether the epistatic relationship between the XRNs and SAL1
in retrograde signaling (chapter 1) could also function in guard cell signaling.
Methods
Plant material, growth and stress treatments
Seeds were germinated in soil and kept at 4 ◦C for 3 days to synchronise germination.
Seedlings were grown at 100-150 mol photons m−2 s−1, 12 h photoperiod, 21-23 ◦C and
50-55% humidity, unless otherwise stated. The alx8 mutant (Col-0 background) was crossed
with abi1-1 (Koornneef et al. 1984), ost1-2 (Mustilli et al. 2002) in the Ler background in order
to generate double mutants. Homozygous F2 plants were screened using derived cleavable
amplified polymorphic sequence (dCAPS) markers to confirm the presence of individual mu-
tations. A Col-0 Ler F1 hybrid was generated as a control and in most experiments WT refers
to the F1 hybrid. Double mutants between xrn2-1xrn3-3 and ost1 were obtained by screen-
ing the F2 using PCR primer designed against the T-DNA inserts as described in chapter 2.
Drought stress treatments were performed as previously described (chapter 1). Primers are
listed in Supplementary Data Table 1.2.
Stomatal bioassays
Measurements of stomatal aperture were performed with epidermal strips taken from 5-
to 6- week-old plants. Fully developed leaves were cut and placed with their adaxial side
onto cello tape (810D Magic Tape, 34 inch, 3M). The vein was removed by razor blade and
the abaxial epidermis was subsequently peeled off by using another strip of cello tape. To
promote stomatal opening, the peels left adhered to the tape were placed in petri dishes
containing stomatal opening solution (10 mM MES, 5 mM KCl, 50 M CaCl2, pH 6.5) and
incubated for 2 h at 22 ◦C under 150-200 mol photons m−2 s−1 of light. Once the stomata were
fully open, strips were maintained in the opening buffer or treated with various compounds
according to the experiment. After treatment, photographs of stomata were taken using Leica
microscope (Leica Microsystems, Wetzlar, Germany) at 20X. Stomatal aperture was measured
using the image- processing software ImageJ. For stomatal aperture measurements, the ratio
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of stomatal pore width and length was used instead of width as this normalises the pores
of stomata of different size (roelfsema_effect_1995 ). Small stomata with a stomatal pore
length of less than 7.5 m were discarded. For each data point, 90 stomata were measured in
3 independent experiments. In each experiment, 10 stomata were measured in 3 epidermal
strips per sample per treatment.
Transcriptome Analysis
Analysis of the changes in transcript abundance between Col-0/Ler, alx8, ost1 and ost1alx8 in
the presence or absence of ABA was performed using Affymetrix Arabidopsis gene 1.0 ST ar-
rays. Tissue samples were collected after 45 min of treatment for RNA analyses in biological
triplicates using one leaf per sample per genotype per treatment. Total RNA was extracted
using Trizol (Ambion), DNA removed using TURBO DNase (Ambion), RNA quality verified
using a Bioanalyzer (Agilent Technologies), and spectrophotometric analysis was performed
to determine the A260:A280 and A260:A230 ratios. Labelling and hybridisation to Affymetrix
Arabidopsis Gene 1.0 Arrays was performed by the Ramaciotti Centre for Genomics (Univer-
sity of New South Wales, Sydney, Australia).
Pre-processing and statistical analysis of the Affymetrix Arabidopsis Gene 1.0 ST Arrays
was performed in R (v3.1.0) using the Bioconductor packages oligo (v1.28.0) (Carvalho and
Irizarry, 2010) and Limma (v3.20.1) (Smyth 2005; Smyth 2004) respectively; and also using
Affymetrix Power Tools suite (APT). Data quality checks and analysis was also performed
using Partek Genomics Solution (PGS) software version 6.6 (default parameters; Partek, St.
Louis, www.partek.com) and near identical results were obtained compared to the R work-
flow. For R analyses raw cel files were read into R and the exon probe sets were back-
ground corrected, quantile normalised and expression values were summarised (using the
median-polish) to the transcript level by calling the rma function (Irizarry et al., 2003a, b) with
the target=core flag (to summarise to gene level features with the highest annotation confi-
dence/evidence). Affymetrix Power Tools software was used to calculate the detection above
background (DABG) probability for each probe set (http://www.affymetrix.com/partners_
programs/programs/developer/tools/powertools.affx,14 January 2014, date last accessed).
A gene was considered present if at least one half of its constituent exons were assigned a
detection P <0.05, only genes that were detected as present in greater than half the sample
replicates in at least one sample group were retained for further analysis (Affymetrix 2014).
Probe sets were further filtered to remove unannotated and control probe sets as well as any
probe set reported to cross-hybridise (only probes annotated as crosshyb=1 by Affymetrix
were retained), giving a final set of 13,780 detected genes.
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Statistical analyses
For statistical analysis of differential gene expression, a linear model was fitted for the 2-factor
design and coefficients determined for each of the 8 genotype x treatment factors (equivalent
to applying a classical genotype*treatment interaction model) using the lmFit function fol-
lowed by empirical Bayes smoothing of the standard errors using eBays. Contrasts of interest
were extracted and decideTests and topTablewere applied to determine differentially expressed
transcripts between the different conditions/genotypes using the adjust.method=BH flag for
the Benjamini- Hochberg (1995) method to adjust P-values for multiple comparisons. Tran-
scripts were considered differentially expressed where the adjusted P. values were <0.05 (FDR
5%) and absolute fold-change > 1.5. Gene-set enrichment tests were conducted using roast
(Wu et al. 2010). For the gene-set analyses only probes mapping to a single TAIR10 gene
were considered.
Array Quality Metrics
Rigours quality control profiling was undertaken to ensure the transcriptomic data was of
the highest quality. As summarised in Supplementary Data 3.9, two of the gene-expression
chips were flagged during quality control and subsequent investigation identified anomalies
requiring the two chips to be removed from subsequent analysis. Chip GME124 (ost1 replicate
1) shows characteristics of a technical fault (Supplementary Data 3.9 A), which was confirmed
by the service provider. GME112 (ost1 + ABA replicate 3) was flagged as an outlier sample
as it did not cluster with its replicates and subsequent analysis revealed that inclusion of
this sample confounded analysis of differential expression because this sample appeared to
display a largely WT transcriptional response (Supplementary Data 3.9 B-D).
Results and Discussion
Mutation of XRN2 and XRN3 also rescues ABA-sensitivity in ost1
To investigate the mechanism by which elevated PAP can mediate stomatal closure in ost1alx8
mutants, the established epistatic relationship between the XRNs and SAL1 was examined.
A triple mutant between ost1-2, exoribonuclease2-1 (xrn2-1) and exoribonuclease3-3 (xrn3-3) was
generated. Representative images of the mutants are shown in Figure 3.2 A. In rosette
morphology the triple mutant displays a phenotype cumulative of traits of both ost1 and
xrn2-1xrn3-3, with small, rounded, crinkly leaves, dwarf rosette size and early flowering. In
contrast, the introduction of the xrn2-1xrn3-3 mutations had a dominant effect on stomatal
responsiveness, restoring sensitivity to ABA-induced stomatal closure in the triple mutant.
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Indeed, both the xrn2-1xrn3-3 and the ost1xrn2xrn3 plants closed their stomata in response to
ABA to the same degree and comparable to ost1alx8 (Figure 3.2 B).2
These results implicate the XRNs as key regulatory components of a PAP-ABA signalling
mechanism. Consistent with this, the XRN3 protein was identified in guard cells (Zhao et al.
2008) and transcripts for XRN2 and XRN3 were also identified in guard cell transcriptomics
using protoplasts (Wang et al. 2011b) and laser dissection (Bates et al. 2012). It is, perhaps,
not surprising that guard cells also have exoribonucleases given that RNA metabolism is
essential for maintaining cellular function. Transcripts for the PAP regulators SAL1 and
AtHAL2-LIKE (AHL) were also both found in guard cells, with AHL expression higher than
SAL1 (Bates et al. 2012). AHL is a second member of the 3’(2’),5’-bisphosphate nucleotidase
family of phosphatases and has in vitro activity against PAP; although AHL is also detected
in leaves (lower expression than SAL1) where it cannot functionally rescue sal1 mutantions
(Gil-Mascarell et al. 1999). The co-localisation of SAL1 and the XRNs in guard cells is consis-
tent with the hypothesis that PAP functions there also, although guard cell PAP levels have
not been tested yet. Neither SAL1, AHL nor the XRNs were reported as ABA regulated in
leaves or guard cells (Wang et al. 2011b). Interestingly, AHL was identified as 1 of 35 putative
guard cell-expressed substrates of HAB1 (Vlad et al. 2009), raising the possibility of a func-
tion role for AHL in Arabidopsis thaliana (Arabidopsis) after all. Group A PP2Cs, including the
related HAB1, ABI1, and ABI2 PP2Cs, are negative regulators of ABA signaling and loss-of-
function mutations lead to ABA hypersensitivity. HAB1 dephosphorylates and deactivates
OST1 in vitro, and HAB1, ABI1 and ABI2 interact with OST1 in vivo, and mutations in the
corresponding genes strongly affect OST1 activation by ABA (Vlad et al. 2009). In summary,
PAP-mediated regulation of the nuclear localised XRN2 and XRN3 is a key aspect of the
intersection of PAP-signaling and ABA-signaling.
Restoration of the ABA-transcriptional response by a retrograde signal
The best-characterised aspects of guard cell regulation involve electrophysiology, secondary
messenger signaling and structural changes; however, ABA also remodels the transcriptome
in guard cells and throughout the plant. Recent gene-expression profiling studies have identi-
fied over 1000 ABA-regulated genes in guard cells, roughly 300 of which represent responses
unique to this cell type (Wang et al. 2011b). Thus, the effect of the ost1 mutation on the ABA-
responsive transcriptome was examined. In turn it was hypothesised that the introduction
of the alx8 mutation could have 2 outcomes on the transcriptional response; a) the canonical
response to ABA could be restored, or b) the alx8mutation could activate a novel or compen-
satory transcriptional profile. Given that altering XRN-mediated RNA metabolism restores
stomatal closure in ost1 mutants, the underlying mechanism was hypothesised to involve
some novel perturbations to the transcriptome.
2Stomatal measurements performed by Wannarat Pornsiriwong
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Figure 3.2 – The loss of XRN2 and XRN3 restores stomatal responsiveness in ABA insensitive
mutants.
(A) Representative photos of genotypes at 4 weeks old.
(B) Stomatal responses to ABA in xrn2-1xrn3-3 and xrn2 xrn3 ost1.* The average aperture for
40-60 stomata per genotypes´ SD is plotted. Sig. diff. (a,b) at p<0.05 is shown. The same trend
was observed in two independent experiments.
* Stomatal aperture measurements performed by Wannarat Pornsiriwong.
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Table 3.1 – Total number of genes responding to ABA.
Differential expression determined as fold change >1.5, adjusted p. value <0.05 compared to
mock treated plants for each genotype respectively (n=3).
– WT ost1 alx8 ost1alx8
Up 1269 4 337 266
Down 1242 1 188 93
An important consideration for this experiment was whether to use whole leaves or to iso-
late guard-cells for transcriptional profiling. The ABA transcriptional response in leaves is
reported to show a significant overlap with the transcriptional response in isolated guard cells
(Wang et al. 2011b). Thus, the transcriptional response to ABA in leaves is representative of
on the functioning of the ABA-signaling pathway. It is likely that the underlying mechanism
that complements for the loss of OST1 in ost1alx8 guard cells would be the same or similar
across different cell types in whole leaves. Hence, owing to the ease of sample prepara-
tion and reproducibility (and the avoidance of the lengthly invasive procedures required for
guard-cell preparations) leaves provide an ideal system to study the role of PAP-mediated
transcriptional regulation in ABA-signaling. We performed transcriptome analyses of leaves
treated with ABA3 and compared sets of genes that were differentially regulated between the
genotypes to investigate the molecular/transcriptional mechanism underlying restoration of
ABA-responsiveness in ost1alx8. Reassuringly, as shown in Figure 3.3 B, we found that the
expression profile of the genes that were responsive to ABA in WT, alx8 and ost1alx8 leaves
in this study showed a very high correlation with a large proportion of the 1173 guard cell
ABA responsive genes (Wang et al. 2011b).
Transcriptome profiling revealed that the ost1 mutant utterly lacks a transcriptional response
to ABA, yet this response is comprehensively restored in ost1alx8 plants (Table 3.2). In wild-
type plants we found that there are 2511 transcripts that respond to ABA-treatment in leaves,
whereas in ost1 only 5 transcripts meet the significance criteria (absolute fold change > 1.5
and FDR adjusted p < 0.05; Supplementary data 3.3 C-F provides tables of the differentially
expressed genes). The magnitude of this difference between ost1 and wild-type detectable in
whole leaves is interesting given that OST1 expression is reportedly confined to guard cells
and vascular tissue (Mustilli et al. 2002); hence, either OST1 significantly effects the transcrip-
tome of neighbouring cell-types or the guard cell/vascular transcriptional signature remains
strong in mixed cell-type preparation from whole leaves.
Next, the response in ABA response in wild-type to the mutants was compared. In alx8
and ost1alx8 plants there is in fact only a moderate number of transcripts that cross the
significance threshold (525 and 359 in total respectively; Table 3.2); however, the correlation
between the expression profiles of WT and ost1alx8 is remarkable (Figure 3.3). As is evident
3ABA treatments and sample preparation performed by Gonzalo Estavillo.
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in the heatmap and dot plot in Figure 3.3 A-C, the profile of ost1alx8 closely matches WT
and clusters together with alx8 and WT in the dendrogram very distinctly from the profile of
ost1. Moreover, when a 2-factor linear model is applied to the expression data to determine
the transcripts that respond differently to ABA between the genotypes, only 18 transcripts in
ost1alx8 exhibit a response that is significantly different compared to the WT response (Figure
3.3 D; absolute fold change > 1.5 and FDR adjusted p < 0.05). These results highlight the
inadequacy of simply comparing the overlap in gene lists when contrasting gene expression
profiles and the importance of employing the appropriate statistical methods. Overall, 1727
transcripts exhibit a significantly different ABA response (or lack there of) in ost1 compared
to WT. Thus, 99% of the transcripts that show an aberrant ABA-expression profile in ost1 are
reverted to WT in ost1alx8.
Widespread changes in the transcriptional landscape
To consider the possibility that the restoration of ABA-sensitivity in ost1alx8 reflects a consti-
tutive change to the transcriptional landscape, differential expression for each sample group
was measured against levels in the WT control plants. We hypothesised that the XRNs could
remodel the transcriptome such that new components or stoichometries are introduced to
the canonical ABA signalling pathway enabling OST1 to be bypassed. Indeed, in the MDS
plot in Figure 3.4 A, it appears that genotype is a major component of the first and second
dimensions. Two groups can be observed (front left vs back right) where the samples cluster
based on the presence of the alx8 mutation. The total number of genes that are differentially
expressed in each sample group compared to WT is summarised in Table 3.2. When alx8 and
ost1alx8 are compared to WT, substantial constitutive changes are observed with 2625 and
2013 transcripts (in total), respectively, differentially expressed (absolute fold change > 1.5
and adjusted P. value <0.05).
The question that now is arises is whether it is the change in the transcriptome before ABA-
treatment that is key to the reversion of ABA-induced stomatal closure, or whether it is
expression levels following ABA-exposure that are more important. Ultimately, it is likely
to be difficult or impossible to uncouple these two possibilities. Nonetheless, to investigate
this further, the expression of particular genes and gene-sets were examined before and after
ABA treatment.
Firstly, the expression of the set of genes that are ABA-responsive in WT was profiled (Figure
3.5 A). Interestingly, in the heatmap there is a quite a high correlation between the WT +
ABA profile and the ost1-untreated profile (which is notable for the lack of change following
ABA treatment) and indeed the alx8 + ABA and ost1alx8 + ABA profiles correlate closely
as well. Thus, it appears that in ost1 there is an unexpected small, yet distinct, constitutive
activation of the ABA-regulon, perhaps in a compensatory feedback loop. Although there is
no subsequent transcriptomic response to ABA in ost1, the same constitutive activation of the
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Figure 3.3 – Difference in the transcriptional response to ABA treatment between WT, and the
mutants.
(A) Heatmap of the expression profile of the WT ABA-responsive gene set (fold change >1.5,
adjusted p. value <0.05) with dendrograms clustering rows (transcripts) and columns (samples).
Differential expression measured against untreated plants for each genotype respectively, scale =
log2 fold-change sample+ABA/sample-untreated. ost1 displays a small constitutive activation of
the ABA regulon, whereas alx8 and ost1alx8 do not..
(B) Expression profile of guard cell responsive genes in the first column (Wang et al. 2011b)
compared to the expression profile of the samples used in this study (vs untreated for each
genotype respectively).
(C) Dot plot of fold-change (y-axis) vs gene (x-axis) of all WT ABA-responsive transcripts ranked
in order of fold-change in WT (blue dots) compared to expression levels in ost1 (green dots) and
ost1alx8 (red dots) following ABA treatment.
(D) Venn diagram of the transcripts that respond differentially to ABA in each of the genotype
contrasted as determined by a 2-factor linear model (fold change >1.5, adjusted p. value <0.05).
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Figure 3.4 – Transcriptional response to ABA treatment.
(A) Multi-dimensional scaling plot. Samples are plotted based on the leading log-fold changes.
Samples cluster primarily by replicate and a separation of samples by genotype and treatment is
also evident.
(B) Venn digram summarising the overlaps in the total number of genes that are differentially
expressed in each genotype following ABA treatment. Differential expression determined as fold
change >1.5, adjusted p. value <0.05 compared to mock treated plants for each genotype
respectively.
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Table 3.2 – Total number of genes differentially expressed compared to WT untreated.
Differential expression determined as fold change >1.5, adjusted p. value <0.05 compared to
mock treated plants for each genotype respectively (n=3).
– WT+ABA alx8 alx8+ABA ost1 ost1+ABA ost1 alx8 ost1 alx8+ABA
Up 1269 1134 1310 177 227 1094 1511
Down 1242 1491 1742 99 184 919 1095
pathway persists following ABA treatment, but this is not sufficient to activate stomatal clo-
sure. Significantly, it does not appear that the ABA-regulon is constitutively activated in alx8
or ost1alx8. This result lends support to the hypothesis that it is the transcriptional response
to ABA rather than the prior transcriptional state that is more significant for stimulating
stomatal closure, at least in regards to this WT ABA responsive gene set.
For ost1, ABA treatment leads to a transcriptional state that is not compatible with stomatal
closure, by contrast in ost1alx8 + ABA stomata do close, so this new transcriptional land-
scape could underpin the mechanism. When ost1alx8 is contrasted with ost1 there are 1267
up-, and 1428 down-regulated transcripts, reflecting the constitutive change in the ost1alx8
transcriptome (Figure 3.5 A). However, only a small fraction of these transcripts (10%, 237
transcripts) are ABA-responsive in WT. Similarly, when ost1alx8 + ABA is contrasted with
ost1 + ABA there are 845 up-, and 726 down-regulated transcripts and 14% overlap with the
WT + ABA gene set. Thus, among this large group of transcripts that do not overlap with the
WT ABA-responsive gene set could be a novel regulon/mechanism for induction of stomatal
closure, which warrants further investigation.
To investigate further, the expression profiles of several ABA-related genes sets were exam-
ined for changes in the transcription of proteins that might account for the restoration of ABA
responsiveness. First an ABA signaling gene set was compiled based on Hauser et al. (2011).
Hierarchical clustering revealed a few subsets of genes that were differentially expressed in
all alx8 backgrounds and treatments compared to WT+ABA (gene cluster ii, Figure 3.6) and
a few genes that were more highly expressed in alx8 and ost1alx8 in response to ABA, but
not in ost1 (gene cluster i). For the 7 ABA receptors and 3 SnRK2 kinases (including OST1)
detected as expressed there were no changes in expression consistent with the restoration
of ABA responsiveness in the double mutant (Figure 3.7 B and C). Likewise, no transcript
levels for proteins involved in ABA metabolism stood out (Figure 3.7 D). Some changes in
expression of the PP2Cs in different genotypes and treatments were consistent with the com-
plementation of stomatal responsiveness (gene cluster iii, Figure 3.6 B). Profiling of the CDKs
also revealed that CDK28 and CDK32 are upregulated in ost1alx8 (Figure 3.7 A).
Recently a mesoscale ABA interactome focused on the early transcriptional events in ABA
response was defined (Lumba et al. 2014). Using this data the interactome map was re-
compiled in Cytoscape and overlaid with the expression data from this study to qualitatively
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Figure 3.5 – Expression profiles of the WT ABA responsive gene set.
Heatmap and hierarchical clustering of the expression profile of (A) the WT ABA-responsive
gene set (gene set criteria, adjusted p.value < 0.05, no fold-change filter); and (B) transcripts
responsive to ABA in guard cells (Wang et al. 2011b). Dendrograms clustering rows (transcripts)
and columns (samples). Differential expression measured against WT untreated plants, scale =
log2 fold-change sample/WT-untreated. ost1 displays a small constitutive activation of the ABA
regulon, whereas alx8 and ost1alx8 do not.
(C) Venn summarising the overlaps with the contrast ost1alx8 +ABA vs ost1 +ABA (fold change
>1.5, adjusted p. value <0.05). Most of the transcripts that are differentially expressed between
ost1alx8 +ABA vs ost1 +ABA do not overlap with the WT ABA-responsive gene set.
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Figure 3.6 – Expression profiles of ABA signalling regulatory genes.
Heatmap and hierarchical clustering of the expression profile of (A) genes involved in the
regulation of ABA signalling (gene set compiled from Hauser et al. 2011); (B) protein
phosphatases in Arabidopsis (gene set compiled from Xue et al. 2008)
Differential expression measured against WT untreated plants, scale = log2 fold-change
sample/WT-untreated.
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Figure 3.7 – Expression profiles of ABA gene sets.
Heatmap and hierarchical clustering of the expression profile of (A) CDPKs; (B) RCARs/PLYRs;
(C) SnRK2 kinases; (D) ABA metabolism.
Differential expression measured against WT untreated plants, scale = log2 fold-change
sample/WT-untreated.
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examine whether any particular node or subnetworks were activated in response to ABA in
ost1alx8 (Figure 3.8). It is evident that the response in ost1alx8 (lower panel) is somewhat
muted compared to the WT response. Nonetheless, no obvious subnetworks in ost1alx8 are
evident.
Summary
The finding that the introduction of the xrn2-1xrn3-3 mutations into the ost1 background can
rescue ABA sensitivity and stomatal closure is very significant as it implicates the XRNs as
the key targets for PAP in this ABA-mechanism. Overall 99% of the transcripts that show
an aberrant ABA-expression profile in ost1 are reverted in ost1alx8, demonstrating a restora-
tion of ABA sensitivity that may be critical for stomatal closure. Widespread constitutive
changes to the transcriptional landscape were also identified in ost1alx8 plants, including
numerous candidates genes that have been identified for further investigation. But whether
such changes in gene expression are a cause or consequence of the ABA response remains to
be investigated. It could also be that PAP directly influences the activity of specific guard cell
proteins through novel antagonistic interactions. It is likely that further genetic and molec-
ular experiments will be required to resolve the underlying mechanism of stomatal closure
in ost1alx8. The complementation of ABA insensitivity by the absence of the SAL1 or XRN
proteins correlates with restoration in transcription of ABA-responsive and ABA signaling
genes.
These results implicate PAP in ABA perception and response. However, it is not yet known
whether the underlying mechanism involves a constitutive alteration in the canonical ABA
pathway or whether this demonstrates a direct role for PAP in response to ABA. Given that
PAP is also present in ost1 plants, perhaps the most likely explanation is that there is a con-
stitutive change to the canonical pathway. Moreover, given that there are only 18 transcripts
that respond differently to ABA in the ost1alx8 compared to WT, it would appear that such a
compensatory mechanism comprehensively restores WT-like transcriptional response in the
absence of ost1. There are two possible explanations, in the first case a novel PAP pathway op-
erates in parallel to the canonical ABA pathway and is able to activate the same downstream
transcriptional response. In an alternative scenario (perhaps the simplest explanation) an-
other SnRK2 or kinase can functionally substitute for OST1. Or in a slightly more complex
scenario the direct targets of OST1 are activated, perhaps constitutively in the absence of
OST1; for instance a downstream transcription factor may no longer require activation by
OST1. Further investigation is required to fully define the role of PAP in ABA signalling.
PAP may play a role in ABA regulation as part of the pathway required for stomatal clo-
sure. Given the hypothesised function of PAP in mediating drought tolerance, the role of
PAP might also be relevant to ABA-mediated acclimation. For instance, during a progressive
or reoccurring drought PAP might adjust the stoichiometries of the components of the ABA
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Figure 3.8 – Expression profiles mapped on to the mesoscale ABA interactome.
The mesoscale interactome ’TRAIN’ from Lumba et al. 2014 was re-constructed in Cytoscape3.
Node represent genes and edges represent protein-protein interactions. Differential expression
following ABA treatment is mapped to the nodes, where the size and colour represent transcript
expression levels. Upper panel is WT + ABA and the lower panel is ost1alx8 + ABA.
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pathway, increasing sensitivity, which could be important for acclimation or even memory.
PAP could activate additional, perhaps redundant positive regulators of the pathway such as
other SnRKs, CDPKs or other kinases to re-enforce and enhance the sensitivity of the canon-
ical OST1 pathway. A further possibility, explored in chapter 4, is that PAP could directly
interact with additional proteins involved in stomatal closure.
Overall, these results indicate that endogenous and exogenous manipulation of the retro-
grade signal, PAP, restores ABA sensitivity to plants lacking functional OST1. That manip-
ulating the signal (PAP), its catabolic enzyme (SAL1), and its molecular target (XRN) all re-
sulted in similar physiological outcomes lead us to conclude that the transcriptional changes
mediated by PAP can contribute to ABA signaling; potentially providing an additional fine
tuning pathway for stomatal closure in response to ABA. This reveals an unanticipated link
between chloroplast retrograde signals and ABA signaling in plants, demonstrating that ret-
rograde signaling is more than bilateral communication between organelles.
Supplementary Data
Click on link to view in internet browser.
Supplementary data for chapter1 is available on line at https://www.dropbox.com/sh/
m4tavpmdy8k5euf/AACPvPkvQvjZgSzvH_9YY7m2a?dl=0
The entire reproducible R code document (formatted as an .Rnw) for each step in
the analysis of the Affymetrix Gene ST1.0 Microarrays available at Supplemem-
tary Data 3.1, R code document for Microarray analysis is available at https://www.
dropbox.com/s/fmsxm3ju1gzqot1/PAP-ABAarrays-results.Rnw?dl=0. In addition the
code document is compiled using swerve into a pdf with detailed figures and de-
scriptions available in Supplememtary Data 3.2, Complete microarray analysis document
https://www.dropbox.com/s/dwfsiau5p7fq86c/PAP-ABAarrays-results.pdf?dl=0.
Supplememtary Data 3.3, Microarray results table is available at https://www.dropbox.com/
s/jjgm7w4rwn9sxd5/Supplementary-Table-global-gene-expression.xlsx?dl=0
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Figure 3.9 – Supplementary: Array quality metrics.
(A)Histogram of log intensity summarised to probe level. Sample GME124 (ost1 #1) shows
characteristics of a technical fault; this array was removed from subsequent analysis.
(B) Multidimensional scaling plot of all remaining samples, clusted based on the leading log fold
changes. Sample GME112 (ost1 + ABA #3) appears to be an outlier as it clusters with the WT +
ABA samples.
(C) Heatmap of the correlation coefficients determined after RMA normalisation of expression
intensities. Within replicate groups all arrays show a high correlation r > 0.96, except for the
outlier arrays (#124 and #112).
(D) Venn dirams summarising the overlaps among genes that respond differentiall to ABA for
each pair-wise comparisons. Before removal of GME112 there were only 45 genes that responded
differentially to ABA in WT compared to ost1. After removal of the outlier, 1745 genes respond
differently to ABA in this comparison. Differential expression determined as fold change >1.5,
adjusted p. value <0.05 compared to mock treated plants for each genotype respectively. The
mesoscale interactome ’TRAIN’ from Lumba et al. 2014 was re-constructed in Cytoscape3. Node
represent genes and edges represent protein-protein interactions. Differential expression
following ABA treatment is mapped to the nodes, where the size and colour represent transcript
expression levels. Upper panel is WT + ABA and the lower panel is ost1alx8 + ABA.
Chapter 4
Chapter 4: The interactome of a
potent antagonist PAP
The interactome of the antagonist PAP reveals expanding roles
in nucleic acid regulation, ROS and ABA signalling and cellu-
lar energy homeostasis
Peter Crisp, Estee Tee, Gonzalo Estavillo, Nicolas Taylor, Barry Pogson
When considered in the context of the broader complexity of the eukaryotic cell, retrograde
signals are likely to have roles beyond bilateral chloroplast-to-nucleus communication. Build-
ing on a body of observations suggesting that PAP could have effects beyond the regulation
of the XRNs, this chapter elucidates the PAP-interactome in Arabidopsis thaliana (Arabidopsis)
and reports novel interactions for the retrograde signal PAP. Intersections with the ABA sig-
nalling pathway and guard cell regulation are highlighted. PAP emerges as a potential point
of cross-talk and a hub in a large regulatory network encompassing RNA regulation, cellular
energy homeostasis and ABA signalling.
Introduction
Organisms from all domains of life readily synthesise the ubiquitous 3’-phosphorylated nu-
cleotide 3’-phosphoadenosine 5’-phosphate (PAP). In plants, animals and bacteria PAP acts
as an antagonist in several key biological processes by mimicking other adenosine-based
molecules, for instance RNA. PAP is best known for repressing the activity of 5’- 3’ EX-
ORIBONUCLEASEs (XRNs) and thereby modulating RNA pools, Post Transcriptional Gene
Silencing (PTGS) and patterns of gene expression (Dichtl et al. 1997; Estavillo et al. 2011;
Gy et al. 2007). In plants, the PAP-XRN regulon bridges the divide between the chloroplast
and the nucleus facilitating an intercellular retrograde signalling mechanism important for
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stress responses (Estavillo et al. 2011). PAP is also an established antagonist of several other
enzymes. In human cells PAP-binding represses the activity of polyADP-ribose polymerase
1 (PARP-1) (Toledano et al. 2012), Nucleotide Diphosphate Kinase (Ndpk) 1 (Schneider et al.
1998), and Small fragment nuclease (Sfn) (Mechold et al. 2006). In E. coli and B. Subtillis the
activities of the Sfn orthologue Oligoribonuclease (Orn) and its paralogue YtqI, respectively,
are modulated by PAP (Mechold et al. 2006). In addition, in many organisms, a metabolic
feedback on sulphonation of secondary metabolites occurs, where PAP inhibits the SULFO-
TRANSFERASE (SOT) enzymes, which catalyse reactions that produce PAP itself (Klaassen
et al. 1997; Klein et al. 2004). While there have been investigations into the activity of PAP in
animal and bacterial cells, the scope of the PAP-interactome in plants is yet to be explored.
PAP is produced primarily from the sulphated precursor 3’-phosphoadenosine 5’-phosphosulfate
(PAPS) during sulfonation reactions (Klein et al. 2004; Kopriva et al. 2009; Mugford et al.
2009; Robbins et al. 1956). PAPS is the sulfate donor for the creation of sulfonated secondary
metabolites, which are formed by SOT enzymes. The SOTs transfer the sulfate group
from PAPS onto free hydroxyl groups of appropriate acceptor molecules (Kopriva et al.
2009). Sulfonation is a ubiquitous posttranslational modification that can lead to dramatic
structural changes in affected molecules, the biological significance of which is only recently
beginning to be appreciated. In animals, sulfonation regulates sulfate-rich macromolecules
such as heparan sulfate, the activation or inactivation of xenobiotics, the modulation of the
biological activity of steroid hormones (e.g. dopamine and estrogen), neurotransmitters,
vitamin C, cholesterol and the elimination of end-products of catabolism (Klaassen et al.
1997; Strott 2002).
In plants, sulphate-conjugation reactions play an important role in plant growth, develop-
ment, and adaptation to stress (Klein et al. 2004). Sulfated plant metabolites include glu-
cosinolates, phytosulfokines, and some hormones and flavonoids. Glucosinolates are an
important form of defence against herbivore and insect attack since their breakdown prod-
ucts are a toxic deterrent to wouldbe attackers (Halkier and Gershenzon, 2006). The glu-
cosinolates are also important nutritionally, as their breakdown products have been shown
to have anticarcinogenic activity in humans (Mithen et al., 2003). Other plant metabolites
that release PAP into cells upon sequestering the sulfur from PAPS include hormones such
as 12-hydroxyjasmonate and 24-epibrassinolide (Rouleau et al., 1999; Gidda et al., 2003).
Plants also produce at least two classes of small sulfated peptides (Matsubayashi and Sak-
agami, 1996; Amano et al., 2007). Apart from sulfur metabolism, PAP is also generated from
coenzymeA during the transfer of the 4-phosphopantetheine group to ACP (acyl carrier pro-
tein) in fatty acid synthesis or to secondary metabolites such as peptide antibiotics, surfactin
or polyketides (Reuter et al. 1999). Given the multitude of process that produce PAP and
the bioactive antagonistic properties it possesses, it is essential for plants to regulate this
molecule, through biosynthesis, compartmentation or inactivation. By the same token, there
is obvious potential for plants to exploit the potent bioactive properties of PAP for regulatory
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and signalling purposes.
PAP-phosphatases such as SAL1 regulate PAP levels within cells and have been characterised
in many organisms, including bacteria, yeast, plants and mammals (Neuwald et al. 1992;
Murguia et al. 1995; Gil-Mascarell et al. 1999; López-Coronado et al. 1999; York et al. 1995),
and belong to a structurally conserved protein family that is uniquely inhibited by lithium
(York et al. 1995). This has led many to propose that PAP-phosphatases are the molecular
target of lithium toxicity. Indeed, over-expression of PAP-phosphatase can rescue lithium
toxicity both in yeast and bacteria (Spiegelberg et al. 2005; Mechold et al. 2006). As lithium
is widely used in the treatment of bipolar disorder (Cade 2000; Fountoulakis 2008) several
authors have also proposed that PAP-phosphatase could be one of the therapeutic targets of
lithium (Yenush et al. 2000; York et al. 1995), although debate exists (Shaltiel et al. 2009). The
effect of lithium on PAP phosphatase is remarkable for the low Ki (~0.2 mM), suggesting
that this system would be almost completely shut down in vivo with therapeutic levels of
1 mM lithium (Spiegelberg et al. 1999; Yenush et al. 2000). Indeed, lithium application to
yeast cells elevates PAP levels (Murguia et al. 1995) and inhibits the XRNs (Dichtl et al. 1997)
and in HeLa cells lithium strongly reduces the activity of the PAP-target PARP-1 (Toledano
et al. 2012). Due to the influence of SAL1 over multiple biological process, coupled with the
therapeutic motivations from the medical research fraternity there is great interest in better
understanding the regulation of SAL1 and the function of PAP and lithium is a valuable and
under exploited tool for such investigations.
There is strong evidence that key targets of PAP in Arabidopsis are the XRNs based on pheno-
typic similarities between exoribonuclease (xrn) mutants and PAP-accumulating sal1 mutants.
This is consistent with several other reports and findings in both yeast (Dichtl et al. 1997)
and plants (Gy et al. 2007; Kurihara et al. 2012). Nevertheless, there also remains signifi-
cant differences between the xrn mutants and sal1 mutants; in morphology, transcriptome
profiles and physiology. For instance; despite a high correlation in gene expression profiles,
67% of the transcripts significantly mis-regulated in the sal1 mutant allele altered expression of
APX2 8 (alx8) are not replicated in the exoribonuclease2-1 exoribonuclease3-3 (xrn2-1xrn3-3) or
exoribonuclease4-6 (xrn4-6) mutants (chapter 1, Estavillo et al. 2011). In addition, we have also
found that the root phenotypes of sal1 mutants, including altered root architecture and per-
turbed phosphate transport are attributed to a function of PAP unrelated to the activities of
the XRNs (Hirsch et al. 2011). To some degree these observations might be accounted for by
considering the nature of the mutant alleles as exoribonuclease3-3 (xrn3-3) is only recoverable
as a knockdown allele whereas the alx8 knockout mutant elevates PAP to levels that may
spatially and temporally saturate the XRNs, producing an XRN complete loss of function
phenotype. Regardless, it is likely that PAP regulates additional targets in Arabidopsis, as
evidenced in other species.
In addition, as demonstrated in chapter 3 PAP-signaling also intersects with Abscisic Acid
(ABA)-signaling (Pornsiriwong 2011). Analysis of open stomata 1 (ost1)alx8 double mutants
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suggest that PAP is able to activate or engage additional components of the ABA signalling
pathway to compensate for loss of OST1 (or ABI1). Stomatal responsiveness to exogenous
ABA is also restored in the ost1xrn2xrn3 triple mutant suggesting that the XRNs are down-
stream of PAP in this ABA pathway. However, given the complexity and frequent redun-
dancy in ABA signaling networks, we hypothesised that there may be other points of cross-
talk between PAP and ABA and potentially PAP could interact or antagonise directly with
established ABA signalling components. Indeed, there is already evidence in support of
this, in other species Ndpk and PARP-1 have been identified as PAP-interacting proteins and
the Arabidopsis orthologues of both proteins affect ABA regulation and signalling (Vlad et al.
2009; Verslues et al. 2007a; Dubovskaya et al. 2011; Vanderauwera et al. 2007). Thus, PAP may
play a specific role in ABA signalling, interacting directly with components of the canonical
ABA pathway.
Methods
Plant Material and Growth of Plants
Plant growth and drought stress conditions were as previously described (Wilson et al. 2009;
Estavillo et al. 2011).
Affinity chromatography
For PAP-affinity chromatography PAP-agarose beads (Sigma, A3640) and AMP-agarose
beads (Sigma, A1271) were swelled and activated in 1x PAP-binding buffer (2x PB; 100
mM HEPES pH7 .5, 20 mM CaCl2, 100 mM KCl) and stored in 0.05% sodium azide at
4 ◦C (Mechold et al. 2006; Spiegelberg et al. 1999). CaCl2 was added to inhibit hydrolysis
of PAP by phosphatases while satisfying the metal requirements for substrate binding
(Mechold et al. 2006; Spiegelberg et al. 1999). As a control for non-specific binding to the
beads, cyanogen bromide activated agarose beads (Sigma, C9210-1G) were blocked with
0.2 M glycine according to the instructions of the supplier and stored at 4 ◦C in 1 M NaCl
containing 0.02% sodium azide.
Protein extracts were prepared by grinding arabidopsis tissue in native protein extraction
buffer (1x PB, 0.05% Triton X-100, 1% PVP 360, 10 nM MgCl2, 10 nM DTT, 1 mM PMSF,
Roche proteinase inhibitor 1pill/10 mL) in a mortar with acid-washed sand or in a tissue
homogeniser (Brevill spice grinder) at 4 ◦C until a slurry was obtained. The slurry was
filtered through a double layer of miracloth and spun at 12,000 g in a Sorvell SS34 rotor at 4 ◦C
for 10 minutes and the cleared supernatant collected. The protein extract was pre-incubated
with 0.2 mL (packed volume) of blocked-agarose beads for 2 hours at 4 ◦C then transferred
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to a chromatography column (2ml bed volume PolyPrep, Bio-rad). The eluent was then
incubated with either blocked-, AMP- or PAP-agarose beads (50 µLbed volume) for 3 hours
at 4 ◦C in 15 mL falcon tubes. Beads were then washed and interacting proteins eluted using
either spin columns or a batch method. For the spin column method, beads were collected
at the bottom of the tubes by spinning at 100 g for 3 minutes, then applied to Spin-X filter
columns (0.45 µM, Corning) and washed 10 times by applying 500 µL(10 bed volumes) of 1x
PB with 0.5 M NaCl and spining at 100 g for 30 seconds. The beads were rinsed twice more
with 1x PB, then eluted with 100 µLof SDS- sample buffer heated to 65 ◦C (55 mM Tris-Cl,
100 mM DTT, 2% SDS, and 5% glycerol). For the batch purification method, beads were
transfered to 2 mL tubes and spun at 50-100g to collect beads at the bottom of tube allowing
removal of the supernatant at each step. Beads were washed 7 times by applying 1.5 mL
of 1x PB with 0.5 M NaCl and spining at 100 g for 30 seconds then removing supernatant,
rinsed twice more with 1x PB, then eluted with 200 µLof SDS- sample buffer heated to
65 ◦C. To concentrate the binding fractions for identification of the high-molecular weight
proteins, the elutent was either TCA-acetone precipitated and re-suspend in a smaller volume
or concentrated using a miVac Concentrator (Genevac).
SDS-PAGE and Immunoblotting
Protein gel electrophoresis was performed as described (Wilson et al. 2009). Immunoblotting
was performed using the SNAPid system (Millipore) using antibodies against SAL1 (1:1000;
Wilson et al. 2009). In brief, protein extracts were resolved on 4-12% (w/v) SDS-PAGE (Nu-
PAGE, Invitrogen), transferred to a nitrocellulose membrane and probed with a 1:1000 dilu-
tion of polyclonal antibodies raised against rSAL1 for 10 minutes (Wilson et al. 2009). After
3 washes with PBS, the blot was incubated with 1:10000 dilution of HRP-conjugated goat
anti-rabbit IgG for 10 minutes, washed 3 times and developed using the Super Signal West
FemtoChemiluminescent detection kit (Pierce) for 5 minutes.
Mass Spectrometry
Mass Spectrometry was undertaken at Australian Proteome Analysis Facility (APAF) the
infrastructure provided by the Australian Government through the National Collaborative
Research Infrastructure Strategy (NCRIS).
For MALDI-MS/MS of specific interacting proteins samples were reduced and alkylated
in a final concentration of DTT of 105mM (incubated at 70 ◦C for 10 mins), followed by a
60 min incubation in iodoacetamide at RT (final concentration 15mM) and run on NuPage
Novex (Life Tech), 1mm, 4-12% Bis-Tris accrylamide gels and bands of interest excised. Gel
samples were destained with ammonium bicarbonate/acetonitrile, then underwent a 16 hour
tryptic digest at 37 ◦C in 25 mM ammonium bicarbonate. Peptides were extracted and Matrix
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Assisted Laser Desorption Ionisation (MALDI) mass spectroscopy was performed using the
4800 plus MALDI TOF/TOF Analyser. A Nd:YAG laser (355 nm) was used to irradiate
the sample. Spectra were acquired in reflectron MS scan mode in the mass range of 700
to 3500 Da. The instrument was then switched to MS/MS mode where the eight strongest
peptides from the MS scan were isolated and fragmented by collision-induced dissociation,
then re-accelerated to measure their masses and intensities.
Protein samples were also analysed using complex mixture LC-MS/MS analysis as described
in Jacoby et al. 2013. The protein extract was digested overnight at 37 ◦C with trypsin and
insoluble components were removed by centrifugation at 20,000 x g for 5 mins. Samples were
analysed on an Agilent 6510 Q-TOF mass spectrometer with an HPLC Chip Cube source. The
Chip consisted of a 40 nl enrichment column (Zorbax 300SB-C18 5 u) and a 150 mm separa-
tion column (Zorbax 300SB-C18 5 u) driven by Agilent Technologies 1100 series nano/capil-
lary liquid chromatography system. Both systems were controlled by MassHunter Worksta-
tion Data Acquisition for Q-TOF (ver B.01.02, Build 65.4, Patches 1,2,3,4, Agilent Technolo-
gies). Peptides were loaded onto the trapping column at 4 ul min−1 in 5% (v/v) acetonitrile
and 0.1% (v/v) formic acid with the chip switched to enrichment and using the capillary
pump. The chip was then switched to separation and peptides eluted during a 1 h gradient
(5% Acetonitrile 40% Acetonitrile) directly into the mass spectrometer. The mass spec was
run in positive ion mode and MS scans run over a range of m/z 275-1500 and at 4 spectra
s−1. Precursor ions were selected for auto MS/MS at an absolute threshold of 500 and a
relative threshold of 0.01, with max 3 precursors per cycle, and active exclusion set at 2 spec-
tra and released after 1 min. Precursor charge-state selection and preference was set to 2+
and then 3+ and precursors selected by charge then abundance. Resulting MS/MS spectra
were opened in MassHunter Workstation Qualitative Analysis (ver B.01.02, Build 1.2.122.1,
Patches 3 Agilent Technologies) and MS/MS compounds detected by Find Auto MS/MS
using default settings. The resulting compounds were then exported as mzdata files and
analysed against an TAIR 10 release 7 from The Arabidopsis Information Resource which
contains a total of 35386 protein sequences (14482855 residues). Searches were conducted
using the Mascot search engine version 2.3.02 (Matrix Science) utilizing error tolerances of
±100ppm for MS and ±0.5 for MS/MS, Max Missed Cleavages set to 1, the Oxidation (M),
Carboxymethyl (C), variable modifications and the Instrument set to ESI-Q-TOF and Peptide
charge set at 2+ and 3+. Results were filtered using Standard scoring, Max. number of hits
set to AUTO, Significance threshold at p < 0.05 and Ions score cut-off at 0. Protein matches
are reported where MOWSE scores is higher than 34, p < 0.05 significance level.
Interactome Network Analysis
To further explore the PAP-chromatography results higher order interactome networks
were constructed and analysed using Cytoscape Desktop v3 (Cline et al. 2007; Saito et al.
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2012; Shannon et al. 2003; Smoot et al. 2011). Data for protein-protein interactions was
retrieved from the Arabidopsis Interactions Viewer database (http://bar.utoronto.ca/
interactions/cgi-bin/arabidopsis_interactions_viewer.cgi;\cite{geisler-lee_predicted_2007})
at The Bio-Analytic Resource for Plant Biology (BAR-AIV), the Integrated Knowledge
Base for Arabidopsis Protein Interaction Network Analysis (ANAP; http://gmdd.shgmo.
org/Computational-Biology/ANAP/ANAP_V1.1/; Wang et al. 2012) and IntAct at the
EMBL-EBI (http://www.ebi.ac.uk/intact/?conversationContext=3; Kerrien et al. 2012);
which now also incorporates the MINT database (Orchard et al. 2013). Databases were
queried using PSICQUIC through Cytoscape Desktop v3; however, for the recursive query
to obtain the interactions between interactors from BAR-AIV in the PAP-intertactome, the
database was queried directly and interactions provided by Nickolas Provart. Protein
orthology was investigated using TreeFam (Ruan et al. 2008, http://www.treefam.org/),
InParanoid (Huerta-Cepas et al. 2008; Huerta-Cepas et al. 2011; Huerta-Cepas et al. 2014,
http://inparanoid51.sbc.su.se/cgi-bin/index.cgi) and PhylomeDB (Remm et al. 2001,
http://phylomedb.org/).
Results and Discussion
SAL1 binds PAP
To elucidate the mechanisms of PAP regulation, perception and signal transduction in plants
and as a starting point to explore the PAP-interactome, affinity chromatography using
PAP-agarose resin on plant leaf extracts was employed. Columbia-0 (Col-0) wild-type plants
were chosen so that SAL1 binding could be used as a positive control. To prevent SAL1
degrading the affinity substrate CaCl2 was added to inhibit hydrolysis while satisfying the
metal requirements for substrate binding (Mechold et al. 2006; Spiegelberg et al. 1999). To
further control for the possibility that adenosine monophophate (AMP) could be produced
if the PAP-affinity substrate were de-phosphorolated, AMP-agarose affinity chromatography
was conducted in parallel. This also provided a further measure of the specificity of
binding proteins for PAP. Blocked beads with no affinity substrate ("mock beads") were
used to control for non-specific binding to the bead matrix. As can be seen in Figure
4.1 immunoblotting demonstrates that SAL1 was effectively and specifically bound to the
PAP-agarose beads and was not appreciably detected in the mock binding fraction, where
the signal remained in the unbound supernatant that passed through the column. Similarly,
SAL1 was not appreciably detected in AMP-agarose binding fractions, validating the efficacy
of PAP-affinity chromatography in plant extracts.
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Figure 4.1 – SAL1 immunoblot validation of the PAP chromatography method.
Western blot of PAP-affinity chromatography fractions from Arabidopsis leaf extracts. Fractions
were separated on an SDS-PAGE gel and probed with polyclonal antibodies against SAL1
(Wilson et al. 2009). Lanes 1-2 crude total protein extract, lanes 3-4 flow-through for the blocked
beads or PAP-affinity substrate respectively (unbound proteins), lanes 5-7 dilution series of
mock-beads binding fraction, lanes 8-10 dilution series of PAP-agarose beads binding fraction.
Identification of novel PAP-interacting proteins in plants
The PAP-agarose binding fraction yielded 3 distinct bands binding specifically to the
PAP-resin at 50kDa, 37kDa and 17kDa (Figure 4.2 A). Each band was excised, eluted
from the gel spot and analysed by MS/MS. All reported matches below correspond to
high-confidence identifications (p<0.05), except where otherwise noted. The lower band
corresponded to NDPK1 (At4g09320, SwisProt P39207), which was identified with an overall
score of 66 represented by 2 distinct peptides, GDFAIDIGR and IIGATNPAASEPGTIR,
covering 16% of the total protein mass. From the same gel band, NDPK3 was identified
with an overall score of 162 representing 3 distinct peptides GDLAVTVGR, GLISEIISR and
TFIAIKPDGVQR, covering 12% of the protein. There was also evidence for NDPK2 and
NDPK4 with around 30% coverage of each protein, although this was not confirmed in the
MS/MS. NDPK3 has as reported mass of 28kDa, whereas NDPK1 is 16kDa which is more
consistent with size migration on the gel, although this discrepancy is likely explained by
targeting sequences required for subcellular localizations. Thus, this band is attritubted
to NDPK 3, 1 and 2. The interaction between NDPK enzymes and PAP has previously
been validated in human cells, where PAP can bind and inhibit NDKP activity (Mechold
et al. 2006; Schneider et al. 1998; Toledano et al. 2012). Adenylate kinase 2 (AK2/AMK3,
At5g50370, Q9FK35) was also identified with 12 peptides matching to 51% of the protein
mass. While, none of these peptides were confirmed in the MS/MS ions spectra, AK is
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nevertheless of interest because it was previously reported to physically interact with NDPK
in garden pea and Arabidopsis (Johansson et al. 2008) and both proteins have nucleotide
binding domains, lending support to this putative PAP-interaction in Arabidopsis.
The upper band was initially identified as RBCL the large subunit of rubisco (AtCg00490,
SwisProt O03042, 53kDa) matching 5 distinct peptides (13% coverage), although this is most
likely a contaminant owing to the very high abundance of rubisco in Arabidopsis leaves.
CAT3 (At1g20620, SwisProt Q42547, 57kDa) was also identified at high confidence with a
score of 28 from 2 distinct peptides TNIQEYWR, WVEILSEPR, covering 3% of the protein.
Although there is no immediate connection between CAT3 - a catalase - and PAP, both CAT3
and NDPK2 physically interact with the SnRK SOS2 (SnRK3.11; Verslues et al. 2007a) and
NDPK1 interacts directly with CAT3 (Fukamatsu et al. 2003); thus, CAT3 is likely to have
been isolated in complex with the other proteins due to NDPK’s affinity for PAP.
MS only data for the 37 kD band identified SAL1 with high confidence (score of 54, p<0.05)
as the best match with 12 matching peptide fragments (Supplememtary Data 4.1). However,
no single protein could be identified in the MS/MS spectra. Nevertheless, the MS data was
confirmed by western blot, which confirmed that this band co-migrated with a strong signal
and enrichment for SAL1 (Figure 4.2 B-C). The prominent band migrating at a similar but
slightly lower molecular weight in the AMP-binding fraction does not appear to be SAL1
based on the low intensity of the signal in the immunoblot. Coupled with the western blot
results, the 37kDa band is attributed to SAL1. Together, these results validate the PAP-affinity
chromatography technique in plants and identify the putative core PAP-interacting complex
AK2-NDPK-SOS2-CAT3 in Arabidopsis.
High-molecular weight interacting proteins
Given the established interaction between PAP and the XRNs (Dichtl et al. 1997; Gy et al.
2007; Estavillo et al. 2011) we expected to isolate the XRN proteins binding to the PAP-affinity
substrate. The initial chromatography experiments did not reveal any high-molecular weight
bands that would correspond to the expected mass of the XRNs (~110 kDa). To enrich for
higher-molecular proteins a batch purification method was employed, dispensing with the
columns, a greater mass of tissue (14g) was used for input and both leaf tissue and floral
bolts were analysed as the XRNs display higher expression in floral tissues. The binding
fractions were then concentrated by TCA-acetone precipitation or rotary evaporation prior
to SDS-PAGE. This approach yielded a number of proteins in the ~110 kDa range, which
were excised and analysed by MS/MS; however, none matched to the XRNs. The ~110
kDa band observed in the leaf tissue extract (Figure 4.3 A) was identified by MS/MS as
Methionine S-methyltransferase MMT1 (At5g49810, SwisProt Q9LTB2, 119 kDa) matching 5
distinct peptides covering 7% of the protein. Interestingly, Arabidopsis mmt1 mutants are salt
sensitive (Ogawa et al. 2012) with NaCl treatment causing severe repression of germination
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Figure 4.2 – SDS-PAGE of PAP-affinity chromatography from Arabidopsis leaf extracts.
(A) SDS-PAGE gel of soluble protein fractions from PAP-affinity chromatography on Arabidopsis
leaf extracts. The gel was stained with colloidal coomassie; lane 1 molecular-weight markers, lane
2 crude protein extract, lane 3 fraction of unbound proteins after incubation with PAP-agarose
beads, lane 4 mock-beads binding fraction, lane 5 AMP-beads binding fraction, lane 6 PAP-beads
binding fraction. Protein identification of CAT3, SAL1 and NDPK1, by MS/MS of the 3
prominent bands specific to the PAP-binding fraction are indicated.
(B) Western blot of PAP-affinity chromatography fractions probed with SAL1 polyclonal
antibodies, aligned to the relative position on the SDS-PAGE gel in (A).
(C) Overlay of the comassie stain gel and the western blot.
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rate and shoot growth, an intriguing observation given that PAP-phosphatases are sodium
sensitive (Murguia et al. 1995; Gil-Mascarell et al. 1999).
For the floral bolt samples, flowers, stems and cauline leaves were ground together and used
for affinity chromatography. This approach yielded significantly more high-MW bands as
indicated in Figure 4.3 B. The upper band was again identified as corresponding to MMT1
(2 peptides) and also Cruciferin3 (CRC, At4g28520, SwisProt Q96318, 58 kDa) was identified
as a high-confidence match with a score of 40, 4 unique peptides covering 12% of protein
(MS/MS); although, the mass of CRC is 58 kDa, which is not consistent with the molecular-
weight migration of the gel spot. From the second cluster of bands the Cell Division Control
Protein 48 Homolog A (CCD48A, At3g09840, SwisProt P54609, 89 kDa) was identified with
a score of 227, matching 6 distinct peptides, covering 12% of the protein (MS/MS). The final
cluster of bands again provided another hit to CCD48A (4 peptides, score 164), in addition
to matching to Beta-galactosidase 1 (BGAL1, At3g13750, SwisProt Q9SCW1, 94 kDa) with a
score of 84, matching 2 peptides covering 3% of the protein (MS/MS). Thus, these modifica-
tions to the chromatography protocol recovered high molecular-weight interacting proteins
and revealed further putative PAP-interaction partners in plants.
An experimentally-derived PAP interactome
To gain a more detailed picture of the PAP-interactome in leaves, LC MS/MS of the entire
complex mixture of proteins isolated in the PAP-binding fraction was undertaken. Having
observed that some proteins such as the NDPKs, AK2 and CAT3 were likely being isolated
in PAP-binding complexes, we reasoned that analysis of the total binding fraction may shed
light on the nature of these complexes. Moreover, this enabled a further opportunity to
check for traces of the XRNs. The procedure was again scaled up to increase our ability to
identify low abundance proteins. In total 100 g of Arabidopsis leaf tissue was used as input for
protein extraction and divided between two parallel PAP-affinity purifications using 750ul of
affinity beads each, before being pooled back together for LC-MS/MS analysis. As can be
seen in Figure 4.4 the PAP-binding fraction displays a very similar pattern to that observed
in Figure 4.2 A, and yielded a higher concentration of bound proteins. In total 137 proteins
were identified in the binding fraction at a p<0.05 significance cutoff (binding proteins are
summarised in Supplementary Data 4.3 with details of the MS/MS in Supplementary Data
4.2). The 50 highest confidence PAP-binding proteins are listed in Table 4.1.
Five potential nucleases were identified (Table 4.2), AGO1 (AT1G31160, score 212), two
RNaseH-like proteins (AT3G11770, score 179; AT5G06450, score 42), a Topoisomerase TOPII
(AT3G23890, score 46) and a Ribonuclease P related protein (At5g53020, score 38). The XRNs
were again not observed, which is in fact entirely consistent with all similar studies in other
species where XRNs were not identified either. Previously, Mechold and colleagues did
identify Oligoribonuclease (Orn/Snf/YtqI) in E.coli, HeLa cells and B.subtilis (Mechold et al.
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Figure 4.3 – SDS-PAGE of PAP-affinity chromatography enriched for high-MW proteins.
(A) SDS-PAGE gel of soluble protein fractions from PAP-affinity chromatography on 14g of
Arabidopsis leaf extracts and subsequently concentrated by TCA-acetone precipitation. The gel
was stained with colloidal coomassie; lanes as indicated on gel, proteins specific to the
PAP-binding fraction identified by MS/MS marked.
(B) PAP-ffinity chromatography on extract from 14g of Arabidopsis floral bolts, eluent
concentrated by rotary evaporation.
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Figure 4.4 – SDS-PAGE of PAP-affinity chromatography for LC-MS/MS.
For LC-MS/MS of the total PAP-binding fraction, total soluble protein was extracted from 100 g
of Arabidopsis leaf tissue and the 100ml of crude extract was divided in 2 and each aliquot was
incubated with 750 ul of PAP-agarose beads, washed and binding proteins eluted. Colloidal
coomassie stain of the SDS-PAGE gel; lane 1 MW markers, lanes 2-3 dilutions of the native
protein extract, lane 4 unbound proteins after incubation with PAP-agarose beads, lane 5 the final
PAP-bead wash before elution, lane 6 mock-beads binding fraction, lane 7 PAP-beads binding
fraction used for LC-MS/MS.
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Table 4.1 – 50 highest confidence PAP binding proteins.
AGI Gene annotation (TAIR10) Score
AT1G20620 CATALASE 3 (CAT3) 974
AT5G25980 GLUCOSIDE GLUCOHYDROLASE 2 (TGG2) 550
AT5G09590 MITOCHONDRIAL HSP70 2 (MTHSC70-2) 487
AT4G35090 CATALASE 2 (CAT2) 486
ATCG00490 LARGE SUBUNIT OF RUBISCO (RBCL) 452
AT4G11010 NUCLEOSIDE DIPHOSPHATE KINASE 3 (NDPK3) 394
AT4G09320 NUCLEOSIDE DIPHOSPHATE KINASE 1 (NDPK1) 387
AT4G28520 CRUCIFERIN 3 (CRU3) 360
AT2G36390 STARCH BRANCHING ENZYME 2.1 (SBE2.1) 347
AT1G31160 HISTIDINE TRIAD NUCLEOTIDE-BINDING 2 (HINT 2) 311
AT3G09820 ADENOSINE KINASE 1 (ADK1) 302
AT5G03650 STARCH BRANCHING ENZYME 2.2 (SBE2.2) 297
AT4G23895 Pleckstrin homology (PH) domain-containing protein 283
AT1G20630 CATALASE 1 (CAT1) 283
AT4G22010 SKU5 SIMILAR 4 (sks4) 269
AT3G14420 Aldolase-type TIM barrel family protein 238
AT4G37910 MITOCHONDRIAL HSP 70-1 (MTHSC70-1) 234
AT5G03300 ADENOSINE KINASE 2 (ADK2) 229
AT3G60750 Transketolase 214
AT1G48410 ARGONAUTE 1 (AGO1) 212
AT1G42970 GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE B (GAPB) 212
AT5G26000 THIOGLUCOSIDE GLUCOHYDROLASE 1 (TGG1) 195
AT2G06850 XYLOGLUCAN ENDOTRANSGLUCOSYLASE/HYDROLASE 4 (XTH4) 180
AT3G28220 TRAF-like family protein 180
AT3G11770 Polynucleotidyl transferase ribonuclease H-like protein 179
AT1G66200 GLUTAMINE SYNTHASE CLONE F11 (GSR2) 172
AT1G32060 PHOSPHORIBULOKINASE (PRK) 169
AT5G35630 GLUTAMINE SYNTHETASE 2 (GS2) 160
AT3G01520 Adenine nucleotide alpha hydrolases-like superfamily protein 160
AT3G09630 Ribosomal protein L4/L1 family 155
AT5G63310 NUCLEOSIDE DIPHOSPHATE KINASE 2 (NDPK2) 153
AT3G55760 unknown protein 151
AT3G62870 Ribosomal protein L7Ae/L30e/S12e/Gadd45 family protein 151
AT2G01250 Ribosomal protein L30/L7 family protein 150
AT5G49810 METHIONINE S-METHYLTRANSFERASE (MMT) 148
AT5G02870 Ribosomal protein L4/L1 family 144
AT5G38410 RUBISCO SMALL SUBUNIT 3B (RBCS3B) 140
AT5G38420 RUBISCO SMALL SUBUNIT 2B (RBCS2B) 140
AT3G26650 GLYCERALDEHYDE 3-PHOSPHATE DEHYDROGENASE A (GAPA) 138
AT3G14415 Aldolase-type TIM barrel family protein 132
AT5G37600 GLUTAMINE SYNTHASE CLONE R1 (GSR 1) 126
AT3G05590 RIBOSOMAL PROTEIN L18 (RPL18) 126
AT2G42740 RIBOSOMAL PROTEIN LARGE SUBUNIT 16A (RPL16A) 125
AT2G44530 Phosphoribosyltransferase family protein 122
AT3G17820 GLUTAMINE SYNTHETASE 1.3 (GLN1.3) 121
AT3G12780 PHOSPHOGLYCERATE KINASE 1 (PGK1) 119
AT5G15200 Ribosomal protein S4 119
AT1G12900 GLYCERALDEHYDE 3-PHOSPHATE DEHYDROGENASE A 2 (GAPA-2) 117
AT1G43170 RIBOSOMAL PROTEIN 1 (RP1) 115
Uppercase primary gene models, lowercase homology-based predictions (TAIR10)
Results and Discussion 139
Table 4.2 – PAP-binding nucleases identified by LC MS/MS.
AGI Score Gene annotation (TAIR10)
AT1G48410 212 ARGONAUTE 1 (AGO1) Encodes an RNA Slicer that selectively recruits microRNAs and siRNAs.
AT3G11770 179 Polynucleotidyl transferase ribonuclease H-like; 3’-5’ exonuclease activity and nucleic acid binding.
AT3G23890 46 TOPOISOMERASE II (TOPII)
AT5G06450 42 Polynucleotidyl transferase ribonuclease H-like; 3’-5’ exonuclease activity and nucleic acid binding.
AT5G53020 38 Ribonuclease P protein subunit P38-related
Annotations describe primary gene models on TAIR10
2006; Mechold et al. 2007), as a novel exoribonuclease that is targeted by PAP. Oligoribonu-
clease is a non-redundant RNase that degrades small RNAs of 2-5 nucleotides in size. In
Arabidopsis the best candidate for an orthologue to Orn/Sfn that we could identify in or-
thology databases is AT2G26970, which is an uncharacterised Polynucleotidyl transferase,
ribonuclease H-like superfamily protein. While this protein was not isolated by affinity chro-
matography, three other exonucleases with similar functional annotations (Polynucleotidyl
transferase, RNase-H family) were isolated. AGO1, as well as AT3G11770 and AT5G06450 all
have Ribonuclease H-like domains (IPR012337) consisting of a 3-layer alpha/beta/alpha fold
that contains mixed beta sheets, suggesting that they share a similar mechanism of catal-
ysis. Hence, this domain could be susceptible to regulation by PAP. Furthermore, either
AT3G11770 or AT5G06450 could be functional paralogues of Orn/Snf. In addition, a signif-
icant number of ribosomal proteins (41 in total) were identified in the LC-MS/MS spectra.
Initially it was presumed that this was an artefact of the chromatography due to the high
abundance of ribosomes in growing leaves; however, we cannot rule out the possibility that
these nucleic-acid binding complexes are being isolated due to an affinity for PAP, although
this was not investigated further.
The global predicted PAP interactome (papNome)
To further explore the PAP-chromatography results higher order interactome networks were
investigated by retrieving protein-protein interactions from publicly available databases. A
global predicted interactome - the papNome - (Figure 4.5 A) was determined by retrieving
known and predicted interactions from the Arabidopsis Interactions Viewer database and
performing network analysis in Cytoscape 3 to construct a network map (AIV; Geisler-Lee
et al. 2007). The input search list used included the 137 proteins identified as PAP-interactors
from the affinity chromatography, plus SAL1 and the XRNs based on interactions estab-
lished in the literature. Several affinity chromatography style experiments in other species
have identified additional PAP-binding proteins, as summarised in Supplementary Table 4.6
(Mechold et al. 2006; Mechold et al. 2007; Toledano et al. 2012). PARP1, HISN2, ORN,
IMDH1, IMDH2 were identified as putative Arabidopsis orthologues by searching the orthol-
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ogy databases listed in Supplementary Table 4.6 and these proteins were also included in the
network analysis. From this input list, the AVI database reported a predicted first-degree
PAP-interaction network space extending to 2349 proteins (nodes), encompassing 36,699 to-
tal interactions. Similar results were obtained with the Integrated Knowledge Base for Ara-
bidopsis Protein Interaction Network Analysis (ANAP; Wang et al. 2012). The interactions
were assembled into a network map using an edge-weighted, spring embedded algorithm in
Cytoscape where nodes repel and edges attract and more weight is given to high-confidence
edges to generate a network clustered by the ’strongest’ interactions. This produced a ’giant
hairy ball’ typical of large interconnected protein networks. This network represents the pre-
dicted PAP-interactome - the papNome - and the potential regulatory scope of PAP through
direct protein-protein interactions. The papNome was created as a resource for hypothesis
generation and discovery. Many of the interactions are interologs, which are predictions
based on orthologous, experimentally-validated interactions in other species (Geisler-Lee et
al. 2007) and hence provide potential avenues for further investigation in Arabidopsis (these
edges are represented by dashed grey lines, visible in the high-resolution images). A high-
resolution image is available at Supplementary Data 4.4 enabling zooming to individual
nodes annotated with gene identifiers (for details of the interactions see Supplementary Data
Table 4.5).
To narrow down the interaction space a high-confidence network was determined by refin-
ing the papNome. The network was refined by filtering to include only Arabidopsis exper-
imentally determined interactions as well as interologs classified in the highest-confidence
category (confidence value greater than 10) indicating evidence from multiple datasets and
multiple species (Geisler-Lee et al. 2007). Additional, published interactions from the IntAct
and MINT databases were also merged into the network (Kerrien et al. 2012; Orchard et al.
2013). Thus, a greatly refined network was assembled consisting of 675 nodes and 1660 edges
as shown as a wheel-and-spoke network in Figure 4.5 B (high resolution image Supplemen-
tary Data 4.7 and interactions details Supplementary Data Table 4.8 are provided).
Identification of a core PAP-interacting complex
The papNome was mined further to investigate the core PAP-interacting proteins initially
identified in Figure 4.2 A. The three most distinct bands identified in the PAP-binding fraction
corresponded to NDPKs, AK2 and CATs (in addition to SAL1). To investigate the hypoth-
esis that these proteins were being isolated as a core complex, their known and predicted
protein-protein interactions were extracted from the papNome. As NPDK1, NPDK2, and
NPDK3 were all identified on the original SDS-PAGE gel (Figure 4.2 A) and again in the
LC MS/MS analysis (Table 4.1), interactions for all three were determined. Similarly, CAT2
and CAT3 were both identified in the LC MS/MS analysis and the CATs are known to form
heterogeneous-multimeric complexes (Frugoli et al. 1996; Hu et al. 2010), so interactions for
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Figure 4.5 – PAP Interactome Network Maps.
Network maps of protein-protein interactions retrieved from BAR-AIV, IntAct and MINT
databases. Proteins/nodes identified in this study by PAP-affininty chromatography are red,
those identified by chromatography in other species are purple, SAL1 and the XRNs are included
as yellow nodes, blue nodes are proteins interacting with the input set. The large sized nodes
represent biochemical validation of PAP interactions. Edges are protein-protein interactions,
dashed edges are interaction predictions (Interologs), solid lines are experimentally determined
interactions in Arabidopsis.
(A) The giant hairy ball representing the full predicted PAP-interactome (high-resolution image is
available at Supplementary Data 4.4).
(B) The refined, high-confidence papNome consisting of the highest-confidence interologs and
experimentally validated interactions.
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both were retained as well. This analysis identified a core PAP-interacting complex consist-
ing of 8 proteins, with a total of 121 proteins in the network connected by 166 interactions
(including all interologs but not including the interactions between interactors for simplic-
ity). Figure 4.6 displays the experimentally determined protein-protein interactions in solid
lines and predictions based on orthology in dashed lines (data from IntAct/MINT, AIV-
BAR and manual curation, details of the interactions Supplementary Table 4.10 and gene
functional descriptions of the nodes in Supplementary Data Table 4.9). The blue coloured
nodes highlight the proteins isolated by PAP-chromatography, which are also indicated by
the green dotted arrows pointing to PAP (neither SOS2 nor TY2 were specifically identified
in the PAP-binding fractions). Several non-Arabidopsis proteins also occur in the network,
including the cucumber mosaic virus gene silencing suppressor protein 2b, which interacts
with Arabidopsis CAT3 and potato PhyA and PhyB, which interact with Arabidopsis NDPK2
(in Arabidopsis the NDPK2-PhyA interaction has also been validated).
As anticpated SOS2 connects NDPK2 to CAT2 and CAT3 in the core complex (Verslues et
al. 2007a); in addition, SnRK3.15/CIPK14 might also link NDPK2 and CAT3 based on ex-
perimentally determined orthologous interactions in other species. Interactions between
NDPK2-SOS2-CAT3 were identified by yeast-2-hybrid screens and subsequent biochemical
and enzymatic assays (Verslues et al. 2007a). NDPK2 binds to the FISL motif of SOS2, the
same domain that SOS3 binds but separate from the PPI motif, required for interaction with
ABI2 and possibly other PP2Cs. It is hypothesised that SOS3 and NDPK2 compete for bind-
ing to SOS2, which could provide for conditional release and activation of NDPK2 (Verslues
et al. 2007a), although the conditions or molecular mechanisms favouring one interaction over
another are not known. The NDPK2-SOS2 interaction is reported to be independent of SOS2’s
kinase activity, rather SOS2 regulates NDPK2 kinase activity by inhibition of active-site auto-
phosphorylation (Verslues et al. 2007a). Autophosphorylation is essential for NDPK2 activity,
thus it is hypothesised that NDPK2-dependent phosphorylation of downstream targets such
as AtMPK3 and AtMPK6 is blocked when SOS2 is associated with NDPK2. The biological
function of the CAT2/CAT3-SOS2 interaction is not yet known, one possibility is that the
CATs are needed create a Hydrogen Peroxide (H2O2)-depleted zone around the complex to
protect H2O2-sensitive proteins such as NDPKs and ABI2, which are both inactivated by
H2O2 (Verslues et al. 2007a).
NDPK1 is also reported to interact with all the CATs, which could provide a SOS2-independant
explanation for the isolation of the CATs by PAP-affininty chromatography (Fukamatsu
et al. 2003). NDPK1 interacted with all three Arabidopsis CATs in a yeast-2-hybrid system
and catalase and NDPK activity co-migrate on non-denaturing gels (Fukamatsu et al. 2003).
This interaction was specific for NDPK1 as, neither CAT2 nor CAT3 interacted with NDPK2
in a yeast two-hybrid system (Verslues et al. 2007a). Consistent with these interactions,
transgenic plants expressing NDPK1 under control of the CaMV 35S promoter exhibited
tolerance to paraquat and high ability to eliminate exogenous H2O2, indicating that NDPK1
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Figure 4.6 – Network map of the putative Core PAP-binding complex.
Network diagram of the protein-protein interactions for NPDK1, NPDK2, NPDK3, AK2, CAT2
and CAT3 identified in the Arabidopsis Interactions Viewer and the IntAct database, forming the
core PAP-interacting complex. Nodes represent proteins; blue circles are proteins identified by
PAP-affininty chromatography, solid edges are experimentally determined protein-protein
interactions, dashed edges are predicted direct interactions based on experimental evidence in
other species.
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has a role in ROS response (Fukamatsu et al. 2003). Although the biological significance of
the NDPK1-CAT interaction and the mechanism by which ROS response is affected have not
been resolved.
The AK2-NDPK interaction was manually curated based on findings in pea and Arabidop-
sis (Johansson et al. 2008). Pea Adenylate Kinase was identified by affinity purification of
interacting partners of the soluble mitochondria type III NDPK (orthologous to Arabidopsis
NDPK3) (Johansson et al. 2008). In vitro experiments using recombinant Arabidopsis enzymes
established that AK stimulated NDPK activity whereas NDPK inhibited AK (Johansson et al.
2008). Intriguingly, salinity stress was shown to alter the ratio of the two proteins in a tissue-
specific manner (Jacoby et al. 2013), which would likely impact the functional outcome of
the interaction in vivo.
The thioredoxin Y2 (TY2) protein was identified as an additional component of the core com-
plex, with reported interactions with NDPK1 and CAT3. These interactions were identified
by using TY2 as bait in affinity chromatography followed by mass spectrometry identification
of binding proteins (Marchand et al. 2010).
The proteins in this complex have been reported to participate in a diverse range of biological
processes and pathways. In particular, this includes ROS-signaling, ABA-signaling and the
regulation of plant energy homeostasis. At the outset we were interested in potential interac-
tions between PAP and ABA-signaling components; thus, these findings were encouraging.
Plant NDPKs have been linked to ABA signalling in several reports, although a specific or
comprehensive investigation has not been conducted (Vlad et al. 2009; Dubovskaya et al.
2011; Verslues et al. 2007a; Verslues et al. 2007b). SOS2 and other MAP kinases that interact
with NDPK2 (Moon et al. 2003) also phosphorylate numerous proteins involved in ABA re-
sponse, including in guard cells. As key regulators of ROS signalling and interacting partners
of SOS2 and NDPK1, the CATs are also wound up in ABA regulatory mechanisms. Hence,
these results encouraged us to look further into the papNome for other ABA-regulatory
components. Overall, this complex highlights potential roles for PAP in ROS-signaling, ABA-
signaling and the regulation of plant energy homeostasis.
Intersections with ABA-signaling
A combination of genetic, molecular and biochemical studies has identified nearly all of the
enzymes involved in ABA metabolism, more than 230 loci regulating ABA responses, and
thousands of genes regulated by ABA in various contexts (reviewed in Hauser et al. 2011;
Finkelstein 2013; Supplementary Table 4.11). Thus, it would be surprising if some compo-
nents of the the ABA signalling pathway were not identified in the papNome. Nonetheless,
we were particularly interested in any candidate PAP-interactions that might explain how el-
evated PAP-levels can restore sensitivity to ABA-induced guard cell closure in ost1 mutants.
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Significantly, the most over-represented Plant Ontology term among the 137 proteins identi-
fied by PAP-chromatography is Guard Cell (PO:0000293, adjusted p.value 2.22e-27) annotated
to 55 proteins (Plant GSEA tool kit, Yi et al. 2013). In addition, the second highest ranked
identification in the LC MS/MS is TGG2, which functions redundantly with TGG1 (also iso-
lated in the PAP-binding fraction) in ABA-induced stomatal closure (Islam et al. 2009). TGG2
itself was not identified in the guard cell proteome; however TGG1 was identified as one of
the most highly abundant guard cell proteins (Zhao et al. 2008).
The papNome was further interrogated for other genes that regulate ABA-response by cross-
referencing a manually curated list (Supplementary Table 4.11) compiled from recent com-
prehensive reviews on ABA regulation (Hauser et al. 2011; Finkelstein 2013). In addition to
TGG1 and TGG2, a notable identification in the interactome analysis was the Glycine Rich
RNA-binding Protein 7 (GRP7). GRP7 is involved in the regulation of ABA and stress re-
sponses in Arabidopsis (Cao et al. 2006), gpr7 mutants are ABA-hypersensitive and the protein
has been shown to regulate stomatal opening and closing (Kim et al. 2008). Due to particular
interest in this protein, an additional PAP-chromatography coupled LC-MS/MS experiment
was conducted using lower-stringency conditions. Fewer column washes of lower stringency
were employed in order to isolate proteins that bind less tightly to PAP. Indeed this approach
successfully identified GRP7 as bound to the PAP-affinity ligand, as well as GRP8 and GRP2.
Several additional novel protein interactions were also observed, although this list should
be treated more tentatively due to the increased likelihood of false-positives, of the 75 pro-
teins identified one third were observed in the previous LC-MS/MS data set and two-thirds
represent potentially novel interactors (Supplementary Table 4.12).
In total the high confidence papNome encompasses 26 proteins that regulate ABA-responses
as summarised in Table 4.3, including transcriptional regulators, protein kinases, G-proteins
and proteins of other regulatory function. Nine of the proteins were identified directly by
PAP-chromatography, most notably including TGG1 and GRP7. An additional 17 proteins
have direct protein-protein interactions with one or more of the proteins identified by affinity-
chromatography, as summarised in the sub-network in Figure 4.7 (functional gene descrip-
tions Supplementary Table 4.13). In Figure 4.6 CAT2 is also predicted to interact with OST1
based on findings in Yeast; however, as this was a low confidence prediction it was omit-
ted here. Thus, this analysis has identified promising PAP-interacting candidates that could
underpin the novel ABA signalling mechanism activated by elevated PAP levels.
Potential subcellular interactions for PAP
When considering the function and regulation of PAP and indeed any cellular metabolite or
protein interaction, a crucial consideration is subcellular localisation. The interaction between
PAP and the core papNome components are considered here in the context of the cellular
compartments as summarised in Figure 4.8. In the chloroplast PAP has the potential to reg-
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Table 4.3 – PAP-binding ABA regulatory proteins.
AGI Gene Involvement in ABA signaling Source Reference
At5g26000 TGG1 Secondary messenger pap chromotography Zhao2008 Islam2009
At2g21660 GRP7 RNA processing and translation pap chromotography Hauser2011
At5g63980 FRY1/ALX8/SAL1 Secondary messenger pap chromotography Finkelstien2013
At4g35090 CAT2 Secondary messenger ROS pap chromotography Mhamdi2010 Vesules2007
At1g20620 CAT3 Secondary messenger ROS pap chromotography Mhamdi2010 Vesules2007
At4g11010 NDPK3 Binds cGMP pap chromotography Dubovskaya2011
At5g63310 NDPK2 Binds SOS2 and cGMP pap chromotography Verslues2007
At4g09320 NDPK1 Binds cGMP; HAB1 substrate pap chromotography Vlad2009
At5g03300 ADK2 Associates with SnRK1 pap chromotography Mohannath2014
At2g43790 MAPK6/MPK6 Protein kinases papNome Finkelstien2013 Hauser2011
At3g45640 MAPK3/MPK3 Protein kinases papNome Finkelstien2013 Hauser2011
At4g09570 CPK4 Protein kinases papNome Finkelstien2013 Hauser2011
At5g01820 CIPK14 Protein kinases papNome Hauser2011
At5g35410 CIPK24; SOS2 Protein kinases papNome Hauser2011
At1g10210 MPK1 Protein kinases papNome Hauser2011
At1g59580 MPK2 Protein kinases papNome Hauser2011
At2g26300 ATGPA1 G-proteins papNome Finkelstien2013 Hauser2011
At5g62880 RAC10/ROP11 G-proteins papNome Finkelstien2013
At4g38130 HD1/HDA1/HDA19 Chromatin modifiers papNome Finkelstien2013
At1g09700 HYL1/DRB1 RNA processing and translation papNome Finkelstien2013 Hauser2011
At2g36270 ABI5 Transcription regulation papNome Finkelstien2013 Hauser2011
At3g15500 ANAC055/NAC3 Transcription regulation papNome Finkelstien2013
At5g05410 DREB2A Transcription regulation papNome Finkelstien2013
At2g36530 LOS2/ENO2 Other papNome Finkelstien2013
At5g47100 CBL9 Other papNome Hauser2011
At5g35750 AHK2 Global hormone regulator papNome Finkelstien2013
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Figure 4.7 – Network map of the PAP-ABA network.
Network diagram of the protein-protein from the papNome for ABA proteins. Nodes represent
proteins; red circles are proteins involved in regulating ABA responses, large nodes are proteins
identified by PAP-affinity chromatography, solid edges are experimentally determined
protein-protein interactions, dashed edges are predicted direct interactions.
148 Chapter 4: The interactome of a potent antagonist PAP
ulate chloroplastic NDPK2 and NDPK3 (Sweetlove et al. 2001; Bölter et al. 2007; Spetea et al.
2012), which could affect ROS levels and energy metabolism. NDPKs generate nucleoside
diphosphates (NDP) from nucleoside triphosphate (NTP), balancing energy metabolism and
homeostasis of intracellular NTP pools (Dorion et al. 2014). Significantly, in human cells, it
has been demonstrated that PAP is a tight binding inhibitor of Ndpk activity corroborating
the results presented here (Schneider et al. 1998). NDPK2 is also reported to operate in a
feedback loop where it is induced by H2O2 and serves to manage H2O2 levels (Moon et al.
2003; Verslues et al. 2007b). Intriguingly, the mitochondrial adenine nucleotide translocator
(ANT) was identified as an interacting partner of type III NDPKs (NDPK3) in coimmuno-
precipitation experiments in pea (Knorpp et al. 2003). In chloroplasts, the homolog of the
mitochondrial ANT, is in fact the thylakoid ATP/ADP carrier (TAAC/PAPST1, At5g01500);
Thuswaldner et al. 2007) that was recently identified as a PAP/PAPS anti-porter (Gigolashvili
et al. 2012). Thus, TAAC/PAPST1 present in the thylakoid membrane may analogously in-
teract with the chloroplast lumen-localized type III NDPK (Spetea et al. 2004; Spetea et al.
2012) shuttling PAP directly into the path of NDPK3. NDPK2 is reported to co-localise with
nucleoids in Arabidopsis and in the stroma in pea (Bölter et al. 2007; Sharma et al. 2007),
where it too could potentially associate with the plastid envelope localised TAAC/PAPST1
(Gigolashvili et al. 2012) and; hence, NDPK2 could be the first enzyme to contact PAP as
it enters the plastid before even SAL1 (SAL1). In the chloroplast, SAL1 is likely to shield
the NDPKs from PAP. However, during stress PAP levels are elevated, potentially due to a
down regulation of SAL1 activity in the chloroplast. Such a circumstance could unleash the
potent inhibitory effect of PAP on the chloroplastic NDPKs - particularly given the potential
association of NDPK and TAAC - activating stress responsive H2O2 production and H2O2
signalling, analogous to the situation observed in ndpk mutants.
In the mitochondria PAP could regulate energy metabolism and Programmed Cell Death
through interactions with NDPK3 and AK2. Both proteins localise to the organelle (Sweet-
love et al. 2001; Johansson et al. 2008; Brugière et al. 2004; Heazlewood et al. 2004) where AK
may stimulate NDPK activity whereas NDPK inhibits AK (Johansson et al. 2008). Adenylate
kinase catalyses the reversible transfer of a single phosphate from an ATP to AMP, produc-
ing two ADP molecules. Previous studies have shown that NDPK and adenylate kinase in
the mitochondria exhibit metabolic cooperation equipping plant mitochondria with all of the
machinery necessary to rapidly regenerate nucleoside triphosphates from AMP and NDPs
(Roberts et al. 1997). As mentioned above, the adenine nucleotide translocator (ANT) was
identified as an interacting partner of NDPK3 in coimmunoprecipitation experiments in pea
(Knorpp et al. 2003). ANT is a mitochondrial IM localized carrier that mediates the exchange
of cytosolic ADP for ATP synthesized in the matrix. The function of this NDPK-ANT inter-
action could thus be to locally decrease the ATP concentration on the Inner Membrane Space
(IMS) side of the Inner Membrane (IM) thereby facilitating a higher rate of ATP export from
the matrix. The inner mitochondrial membrane represents a selective barrier harboring car-
rier proteins that are specific for different substrates, whereas pores in the outer membrane
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Figure 4.8 – Core interactions with PAP.
Cell diagram of the core protein-protein interactions and their molecular functions from the
papNome in the context of their cellular localisations.
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allow a rather nonselective passage of diverse small molecules. Thus PAP could readily enter
the IMS and given that the Arabidopsis thylakoid ATP/ADP carrier functions as a PAP/PAPS
anti-porter (Gigolashvili et al. 2012), it is similarly possible that the mitochondrial ANT could
also transport PAP into the matrix (Haferkamp et al. 2011). In an analogous manner to the
situation in chloroplast discussed above, down regulation or alternative targeting/import of
mitochondrial SAL1 may provide for conditional repression of NDPK3 and or AK2 activity
by PAP.
Interestingly, the function of AK and NDPK in energy metabolism is also linked with Pro-
grammed Cell Death (PCD) (Valenti et al. 2007). In the early phases of PCD, oxidative phos-
phorylation is impaired, coupling (i.e., ADP stimulation) of respiration is abolished and the
ability of mitochondria to export ATP via ANT as well as the activities of both the AK and
NDPK are inhibited without any decrease in protein levels. These events occur in a ROS-
dependent manner as externally added ascorbate partially prevented the inhibition (Valenti
et al. 2007). In light of this data PAP could be a missing link in this process. By potentially
interacting with both the ANT, AK2 and NDPK3; PAP could impair the activity of the en-
zymes or alter their interactions during PCD. It is not known how PAP levels change during
PCD, or whether ROS can stimulate PAP production or transport; thus, investigating the role
of PAP in PCD would be of great interest.
Given the repeated isolation of the CATs by PAP-affinity chromatography, a role for PAP in
the peroxisome and ROS regulation warrants consideration. Catalases are highly expressed
enzymes and an integral part of the plant antioxidative system regulating H2O2 accumula-
tion and signalling (Mhamdi et al. 2010b). Some uncertainty does surround the subcellular
localization of catalases in plants. Significant catalyse activity has been attributed to perox-
isomes, with activity also detected in the cytosol, mitochondria and chloroplast (Mhamdi et
al. 2010b). NDPK1, although predominately cytosolic, was also reported to partially localise
to peroxisomes (Reumann et al. 2009) and all three catalases have also been found to inter-
act with NDPK1 (Fukamatsu et al. 2003). There is no evidence to suggest that PAP would
bind directly the CATs; hence, regulation via NDPK1 or another interacting partner would
represent the most likely mechanism.
In the cytosol PAP has the potential to further influence energy homeostasis as well as stress
responses by regulation of NDPK1 (Reumann et al. 2009). The cytosol contains the greatest
bulk of NDPK activity (70-80 % of total extractable NDPK activity; Dorion et al. 2006) where
a major role is likely in the supply of UTP for the synthesis of the precursors of the cell
wall during early growth. A large number of publications also report links between NDPK1
and stress responses. Studies report increased expression and activity of NDPK1 under salt
stress, drought stress, wounding, and pathogen attack, regulation by ABA, salicylic acid
and jasmonic acid, although the full extent of these roles is still being investigated (Dorion
et al. 2014). Overexpression of NDPK1 was found to increase resistance to paraquat and
confer a higher ability to eliminate exogenous H2O2, which was liked to interactions with
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the catalyse enzymes (Fukamatsu et al. 2003). More recently, it was shown that expression of
NDPK1 was negatively regulated by stress-induced MAP kinase kinase (SIMKK), which is
involved in plant salt and pathogen sensing (Oveka et al. 2014). Under conditions where PAP
is directed to accumulate in the cytosol, it is likely that it could have a strong inhibitory effect
on NDPK1, reducing NDPK activity and potentially affecting other interaction partners of
the protein such as the CATs.
Summary
To further elucidate the mechanisms of PAP regulation, perception and signal transduction in
plants the global PAP interactome was derived. By using PAP as bait in affinity chromatogra-
phy of plant extracts, a screen for interacting proteins unbiased by presupposed knowledge
of established interactions was performed. Numerous proteins and complexes that interact
with PAP have been identified. This experimentally determined interactome was enhanced
by layering established protein-protein interactions from publicly available databases to map
the predicted global PAP-interactome (papNome). The papNome was then used to iden-
tify a novel core PAP-binding complex consisting of AK2-NDPK-SOS2-CAT3 in Arabidop-
sis. This complex marks a network hub linking Reactive Oxygen Species (ROS)-signaling,
ABA-signlaing and the regulation of energy homeostasis. The papNome also identified
additional points of crosstalk with the ABA-signaling pathway, raising the possibility that
PAP may regulate stomata via both XRN-dependant and -independent mechanisms. In con-
clusion, this study reveals novel functions for the retrograde signal PAP and provides the
papNome as a resource for further hypothesis generation and investigation.
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Chapter 5: Rapid recovery gene
silencing
Balancing epigenetics and memory with recovery and RNA
metabolism
Peter Crisp, Diep Ganguly, Kevin Murray, Steve Eichten, Gonzalo Estavillo, Iain Searle, Ryan Lister,
Barry Pogson
In this chapter, by broadening the investigation of RNA metabolism beyond the XRNs it is
argued that stress recovery and RNA turnover are critical aspects of stress responses. Ac-
cordingly, roles for RNA metabolism in stress recovery are demonstrated using large scale
transcriptomics. In this chapter, an extended literature review is presented covering aspects
of stress priming, memory, epigenetics, recovery and RNA metabolism. It is proposed that
further investigations into stress recovery are required. Subsequently, an in depth investiga-
tion into RNA dynamics is presented including the Rapid Recovery Gene Silencing (RRGS)
time course data set.
The results presented regarding APX2 induction by different light sources were published in Jung
et al. 2013.
Introduction
Balancing epigenetics and memory with recovery
An often-overlooked aspect of abiotic stress response in plants is stress-recovery. The
prospect of epigenetic memory is an evocative subject with exciting research and agronomic
possibilities, yet the more common strategy employed by plants is likely to be recovery
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and resetting. Much research is devoted to understanding how plants resist, tolerate and
adapt to stressful environments. However, tolerance is only one side of the coin. Once
environmental stresses dissipate and favourable conditions return, plants undergo a process
of recovery. Plants are permanently engaged in a cycle of stress endurance followed by
recovery, which is essential for adapting to their dynamic environments and this process is
likely to have a profound impact on the formation of memories. By considering the value,
occurrence and mechanisms of recovery, fresh insight can be provided on when and why
epigenetic memories might be prevented from forming or even erased.
Priming and memory in plants
Throughout a plant’s life history, stress or environmentally-induced traits alter subsequent
plant responses. Exposure to stress can result in hardening or priming (also referred to
as conditioning or training) making a plant more resistant to future exposure (Bruce et al.
2007; Conrath 2011; Walter et al. 2011). Early work by Baldwin et al. 1996 demonstrated that
pre-treatment with methyl jasmonate induced more rapid nicotine accumulation in Nicotiana
sylvestrisan, describing a so called "immunological memory". Pre-treatment of Arabidopsis
thaliana (Arabidopsis) with ABA can entrain and sensitise light-induced opening stomata (Goh
et al. 2003) and Arabidopsis and maize plants subjected to several dehydration/re-hydration
cycles display improved water retention on subsequent exposure (Ding et al. 2012b; Ding
et al. 2014; Virlouvet et al. 2014; Virlouvet et al. 2015). Single or double drought priming
before anthesis in wheat (Triticum aestivum) can also increase grain yield compared to non-
primed plants under drought stress during grain filling (Wang et al. 2014b). Exposure to
Excess-light (EL) stress can prime oxidative stress tolerance and enhance resilience to future
light exposures both locally and systemically (Rossel et al. 2007; Gordon et al. 2013). Like-
wise, priming for the oxidative stress response with paraquat can enhance recovery upon
subsequent exposure (Ye et al. 2000). Encounters with either osmotic or oxidative stress can
markedly alter subsequent osmotic stress-induced Ca2+ signals (Knight et al. 1998), reduce
salt uptake and enhance drought tolerance (Sani et al. 2013). Priming seed with saline so-
lution affects the growth of wheat (Triticum aestivum) throughout a growing season (Iqbal
et al. 2007) and similarly impacts development in tomato (Cayuela et al. 1996). Treatment
of wheat (Triticum aestivum) seedlings with SA also alters subsequent hormonal regulation
and salinity tolerance (Shakirova et al. 2003). β-amino-butyric acid (BABA) is another potent
priming agent increasing Systemic Acquired Resistance (SAR) and resistance to subsequent
biotic stresses (Zimmerli et al. 2000; Jakab et al. 2001; Conrath et al. 2006). BABA acts in part
by priming ABA responses and ABA priming can mimic biotic tolerance (Ton et al. 2004).
Resistance to abiotic stresses is also improved after treatments with SA or with BABA (Jakab
et al. 2005). SA treatment can also prime chilling tolerance in maize, cucumber (Cucumis
sativus) and rice (Oryza sativa) seedlings (Kang et al. 2002) and improve heat-tolerance in
Arabidopsis and mustard (Sinapis alba) plants (Clarke et al. 2004; Dat et al. 1998). Extensive
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research has established the role of priming in acquired tolerance to temperature extremes
(Sung et al. 2003); and, perhaps the most well known environmentally induced trait is the
imprint of a cold winter that promotes flowering during spring in the process of vernalisation
(Sung et al. 2004).
Priming can also persist between generations, a process also referred to as adaptive trans-
generational plasticity (Herman et al. 2011). Molinier et al. (2006) demonstrated transgen-
erational effects of short-wavelength radiation (ultraviolet-C) or flagellin (an elicitor of plant
defences), including hyper-recombination. Herbivory damage and treatment with jasmonic
acid also have transgenerational effects in wild radish (Raphanus raphanistrum), Arabidopsis
and tomato (Agrawal 2002; Rasmann et al. 2012). Slaughter et al. (2012) demonstrated that
descendants of BABA-primed Arabidopsis plants also exhibit resistance to biotic stress. Anal-
yses of Norway spruce (Picea abies) have revealed that daylength and temperature during
seed production interactively affect adaptive performance and timing of bud set in progeny,
such that a cold maternal environment during reproduction establishes a cool-climate de-
velopmental program even if plants are grown in a warm environment (Johnsen et al. 2005;
Kvaalen et al. 2008; Skrøppa et al. 2009). Mimulus guttatus increases trichome density in
response to simulated herbivore damage and increased density is expressed in progeny in
the absence of herbivory (Scoville et al. 2011). Whittle et al. (2009) found that Arabidopsis
thaliana (L.) Heynh exposed to mild heat (30.8 ◦C) gained a greater than five-fold improve-
ment in fitness (seed production per individual) when exposed to heat in a later generation
(F3). In Polygonum persicaria drought treatment in parental plants increased root growth and
biomass in progeny and enhanced drought tolerance (Herman et al. 2012). Moreover, this
effect was cumulative: if drought was imposed for two generations, progeny became in-
creasingly more tolerant. Furthermore, very low-light grown Polygonum persicaria offspring
produce more shoot tissue relative to root biomass compared to offspring of plants grown in
full sun (Sultan 1996).
Memory mechanisms and epigenetics
All of the examples above serve to demonstrate the myriad of ways in which plants are adept
at altering their physiology and metabolism in response to prior growth environments. Thus,
it is generally accepted that plants must possess mechanisms for storing information about
previous environmental encounters. This has lead to the concept of ’stress memory’, a per-
sisting imprint of a previous experience. As an adaptive mechanism, stress memory may
increase resistance to environmental challenges. By the same token, there is also the risk that
maladaptive responses will be memorised, underscoring the potential value of forgetfulness.
Accordingly, the underlying mechanisms are the subject of much research. On the one hand,
sustained alterations in levels of key signaling metabolites or transcription factors could pro-
vide an explanation for how plant metabolism is altered by exposure to various stresses
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(Conrath 2011; Conrath et al. 2006; Bruce et al. 2007; Santos et al. 2011; Kinoshita et al. 2014;
Vriet et al. 2015). Likewise, chromatin state, chromatin modification and DNA methylation,
and potentially epigenetic processes, could play a role in the coordinated changes in the
patterns of gene expression that underpin primed or memory responses (Chinnusamy et al.
2008; Boyko et al. 2011; Mirouze et al. 2011; Paszkowski et al. 2011; Eichten et al. 2014). Ulti-
mately, a combination of multiple factors and processes are likely to be required for memory.
Accumulation of signaling proteins or accumulation of transcription factors could provide
a mechanism for memory. For instance, SPL transcription factors are critical for heat-shock
memory (Stief et al. 2014). The activation of signaling components and secondary messengers
is required for BABA-induced priming of salicylate-dependent defences, because mutations
in a cyclin-dependent kinase, the polyphosphoinositide phosphatase SAC1b and the ABA
biosynthetic enzyme ABA1 impair priming (Ton et al. 2005). Phosphorylation of mitogen-
activated protein kinases (Conrath 2011), or accumulation of MPK3 and MPK6 and their
mRNAs after treatments with SA or the analog BTH, have been associated with the priming
of defence-related genes (Beckers et al. 2009), providing another mechanism underpinning
priming. Heat shock factors, including HsfB1, are also associated with SAR (Pick et al. 2012).
Another well documented mechanism is seed provisioning, whereby environmental chal-
lenges, mostly to the maternal plant, influence the resources that are packaged into seeds,
critical for germination and initial seedling growth (Herman et al. 2011). In particular, the
quantity and composition of starch reserves, mRNAs, proteins, hormones, and other primary
and secondary metabolites packaged into seeds are influenced by the environment (Roach
et al. 1987; Leishman et al., 2000 ; Fenner and Thompson, 2005; Moles and Leishman, 2008).
For instance, the ABA content of seeds can be increased by up to 44% by shading parental
Amaranthus palmeri plants (Jha et al. 2010).
Concepts of stress-memory are inevitably complicated by evocations of underlying epigenetic
mechanisms. Epigenetics describes heritable (stable transmission of information through mi-
tosis or meiosis) patterns of phenotypic variation that are not solely attributable to differences
in DNA sequence (Eichten et al. 2014). Nonetheless, ’epigenetics’ is often used to describe
changes in chromatin state, chromatin modification and DNA methylation without regard
for heritability. Indeed, broader definitions of epigenetics have been proposed to reflect
popular usage of the term, to include long-term alterations in the transcriptional potential
of a cell that are not necessarily heritable (NIH Roadmap Epigenomics Project, Avramova
2015). However, such definitions risk blurring important distinctions between the ’proactive’
and ’responsive’ roles of chromatin in the transcription of stress-related genes (Avramova
2015). Delineating cause and effect in these situations remains challenging and in the ab-
sence of established causality, labelling changes in chromatin structure as epigenetic is ar-
guably misleading (Henikoff et al. 2011). Significantly, many plants proliferate partially or
even exclusively by vegetative propagation, potentially circumventing epigenetic reprogram-
ming during gamete formation and sexual reproduction as observed in mammals (Gutzat
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et al. 2012). Further, if such resetting does occur in plants, it seems to be at least not as ex-
tensive (Paszkowski et al. 2011) therefore it is more than conceivable that mitotic and meiotic
transmission of stress-induced epigenetic modification could occur.
A diverse range of environmental stresses have been shown to alter chromatin and associated
epigenetic marks (Eichten et al. 2014). Vernalisation remains the best understood environ-
mentally responsive epigenetic process, whereby FLC is transcriptionally repressed by cold
exposure and repression is then epigenetically maintained during subsequent development
in the warm, facilitating a memory of the cold (Berry et al. 2015). Beyond vernalisation, DNA
methylation changes can be induced by drought, flooding, nutrient limitation, temperature
shock, pathogen infection, high salinity, heavy metal exposure, UV radiation, and herbivory
(reviewed in Herman et al. 2011, Boyko et al. 2010). Patterns of histone modification are
likewise perturbed by environmental exposure and at select loci associate with altered ex-
pression (Kwon et al. 2009; Dijk et al. 2010; Kim et al. 2010; Luo et al. 2012; Ding et al.
2012b; Kim et al. 2012; Zong et al. 2013; Sani et al. 2013). In fact, chromatin dynamics at
drought-inducible genes during the transition from gene activation to inactivation change
in the order of hours (Kim et al. 2012). Chromatin and siRNA abundance also change in
response to environmental conditions (Khraiwesh et al. 2012; Gutzat et al. 2012). Signifi-
cantly, stress such as elevated temperature can transcriptionally activate chromosomal loci
normally silenced by repressive chromatin (Ito et al. 2011; Lang-Mladek et al. 2010; Pecinka
et al. 2010; Tittel-Elmer et al. 2010). The transcriptional state of genes may also be affected by
nearby transposons that respond to changes in environmental conditions (Bucher et al. 2012;
Cavrak et al. 2014; Feschotte 2008; Ito et al. 2011; Naito et al. 2009; Wheeler 2013). Natu-
rally occurring epialleles such as the peloric variant of toadflax, Linaria vulgaris (Cubas et al.
1999) and the colorless nonripening (CNR) locus from tomato (Manning et al. 2006) along
with genome-wide studies (Schmitz et al. 2011; Becker et al. 2011), natural variation (Schmitz
et al. 2013; Eichten et al. 2013) and analysis of epiRILs (Johannes et al. 2009; Reinders et al.
2009; Teixeira et al. 2009) demonstrate the stable inheritance of a range of DNA methylation
variants that also affect fitness-related traits and confer differences in stress responses (Kooke
et al. 2015). Yet, delineating pure epialleles from those linked to underlying genetic variation
remains perhaps the biggest challenge in the field (Weigel et al. 2012; Eichten et al. 2014).
In fact, pure environment-induced epigenetic changes may only make minor contributions
to durable genome-wide heritable chromatin structural (’epigenetic’) variation, because this
epigenetic variation largely reflects underlying genetic sequence variation (Hagmann et al.
2015). Numerous studies have also demonstrated that plants with lesions in the epigenetic
machinery, mainly in the RdDM pathway, have reduced or eliminated capacity for priming
or transgenerational transmission (Boyko et al. 2010; Luna et al. 2012; Rasmann et al. 2012).
Despite these links and correlations between epigenetic factors and acclimation, an ongo-
ing challenge in the field is demonstrating causality (Boyko et al. 2011; Mirouze et al. 2011;
Paszkowski et al. 2011; Gutzat et al. 2012; Iwasaki et al. 2014; Eichten et al. 2014; Hagmann
et al. 2015). In the future, as investigations continue to dissect epigenetic inheritance it will
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be important to also consider the costs associated with the formation of plant memories.
The cost of memories and checkpoints
On the one hand, plant memories have great potential as a beneficial adaptive mechanism;
however, memories also have associated costs and risks. Plant memories, in particular epi-
genetic memories, are often hypothesised to complement genetic selection by providing a
means to adapt rapidly within the life-cycle of a single plant or from one generation to the
next enabling local adaption (Weigel et al. 2012; Eichten et al. 2014). The potential instability
and reversibility of memories would allow for adaption as environments change and opens
the possibility of temporary adaptation or exploration of cryptic genomic information (Her-
man et al. 2011; Eichten et al. 2014). For instance, transgenerational plasticity contributes
to biological invasions by invasive species (Dyer et al. 2010). Yet, transgenerational mem-
ory is also predicted to evolve specifically in cases where the parental environment reliably
predicts the offspring environment. Most often it is the maternal environment that affects
transgenerational plasticity, particularly for selfing species with a short seed dispersal range
or for outcrossing species where pollen dispersal is greater than seed dispersal (Agrawal
et al. 1999; Galloway 2005). That said, many plants proliferate partially or even exclusively
by vegetative propagation, in which case mitotic memories would be of greater significance.
Notwithstanding the conceptual logic of plant memory, stress is often transitory and in the
same way that acclimation is balanced against avoidance, memories are counterbalanced by
recovery and resetting.
There are numerous examples of both maladaptive memories and adaptive memories that
also compromise aspects of a plant’s overall performance (Skirycz et al. 2010). Repeated
stresses may result in increased sensitivity to deleterious effects (Soja et al. 1997), attenuation
of photosynthesis, or perturbed growth and development (Skirycz et al. 2010). For instance,
grape vines (Vitis vinifera) can become sensitised to ozone over successive years (Soja et al.
1997). Among closely related Polygonum species, drought stressed P. persicaria parents pro-
duce more well-provisioned seedlings; while P. hydropiper parents transmit maladaptive traits
leading to smaller seedlings with correspondingly slower-extending root systems (Sultan et
al. 2009). There is also likely to be ascertainment bias in favour of adaptive traits in many of
the studies performed to date; thus, the extent to which plants form maladaptive memories
is not known with certainty. Further, it remains an open question whether evolution has
favoured memory over forgetfulness. Analyses of natural populations are now just begin-
ning to investigate such questions by looking for evidence of local adaptions and non-genetic
memories. These investigations have so far served to reinforce the much greater significance
of genetic variation in comparison to the epigenetic (Schmitz et al. 2013; Eichten et al. 2013;
Hagmann et al. 2015). Indeed, one can make the argument that when it comes to memory
mechanisms, a specific mechanism for a specific stress that has evolved over evolutionary
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time (for instance a long lived metabolite produced by drought) is a far less risky proposition
compared to a non-specific epigenetic mechanism, if such a mechanism is readily manipu-
lated by any prevailing condition.
For maladaptive memories, in particular deleterious epigenetic changes, it is attractive to then
consider the possibility of cell-cycle checkpoints that could detect and remedy detrimental
memories in a manner analogous to DNA damage checkpoint mechanisms (Cools et al. 2009;
Gutzat et al. 2012). In fact, recently Iwasaki et al. (2014) performed a screen to identify
factors involved in the erasure of epigenetic stress memory. This revealed that Decrease in
DNA methylation1 (DDM1) and Morpheus Molecule1 (MOM1) are key to a mechanism that
prevents transgenerational memory. In this case, environmental challenges such as elevated
temperature can transcriptionally activate chromosomal loci normally silenced with repres-
sive chromatin. This activation is only transient owing to the resilencing activity of DDM1
and MOM1, which erase an otherwise dangerous memory of the stress (Ito et al. 2011; Lang-
Mladek et al. 2010; Pecinka et al. 2010; Tittel-Elmer et al. 2010). This study demonstrates that
the recovery period is a critical window affecting memory formation.
Stress recovery
Stress-recovery is an under-appreciated aspect of adapting to environmental stress, with
tremendous potential for scientific research and agronomic advancement. The majority of
changes that occur in response to stress only occur during stress exposure and typically re-
vert to the pre-stress state shortly thereafter. In contrast to the body of literature concerning
acclimation and memory, there is a relative scarcity of reports on stress recovery. Several
investigations have analysed rehydration responses. In an early study, Oono et al. (2003)
employed cDNA microarrays containing ~7000 Arabidopsis full-length cDNAs and identi-
fied 152 rehydration-inducible genes. Grapevine leaf petioles have been identified as a site
of particular importance during rehydration following drought stress. Perrone et al. (2012)
analysed transcriptomic responses during rehydration in petioles and found enrichment for
genes involved in secondary metabolism, including genes linked to flavonoid biosynthesis;
sugar metabolism and transport, and several aquaporin genes. Interestingly, a potential duel
role for ABA in acclimation and recovery was hypothesised because cellular ABA content
increases following rehydration. Zhang et al. (2014) examined the global reprogramming of
transcription and metabolism in Medicago truncatula during a progressive 14 day drought,
including a sampling point 24 hours after rewatering. The authors observed that remark-
ably most of the above-ground organs recovered fully within 24 hours of rewatering and
the majority of drought responsive genes (~90%) reacted oppositely to the addition of wa-
ter, returning back to their pre-stress steady-state levels. In tobacco, recovery from drought
stress was found to proceed by two pathways, restoration of photosynthesis and metabolism,
or death, depending on the progress of senescence (Vanková et al. 2012). In addition, sev-
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eral studies have documented the reversion of chromatin states during recovery, including
dehydration stress recovery (Kim et al. 2012; Ding et al. 2012b) and recovery from oxygen
depletion during submergence of rice seedlings (Tsuji et al. 2006).
Several investigations have characterised aspects of photosynthestic recovery following stress,
an essential step for the restoration of energy production and the resumption of growth. In
tobacco and olive, upon rehydration after drought, leaf water status recovers earlier than
photosynthetic variables with stomatal conductance (gs) often being observed to be the last
parameter to recover (Galle et al. 2009; Perez-Martin et al. 2014). The mechanism for this
commonly slow recovery of gs only after restoration of leaf water status is not yet clear, al-
though possibilities include both hydraulic limitations (Brodribb et al. 2009) and the residual
ABA signal in rehydrated leaves hindering stomatal opening (Lovisolo et al. 2008). While
ABA may play a key role in recovery by controlling transpiration rate enabling embolism
repair, such processes might also be manipulated to accelerate recovery and could in turn
increase yield. In a further example of the value of investigations into recovery, Armbruster
et al. (2014) found that the Arabidopsis K+ efflux antiporter (KEA3) plays a key role in accel-
erating the decay of Non-Photochemical energy Quenching (NPQ) during transitions from
excess to limiting light conditions. NPQ is a mechanism that dissipates excess and stressful
light energy where light irradiance saturates photosynthetic capacity. The action of KEA3 de-
activates NPQ in seconds, a process that would otherwise take minutes. Accordingly, KEA3
is critical for high photosynthetic efficiency under fluctuating light. In simulations Zhu et al.
(2004) projected that slow down-regulation of heat dissipation mechanisms can reduce the
photosynthetic efficiency in crop canopies by ~10%. These reports demonstrate the great
potential of further research into stress recovery
Profiling the role of RNA decay in stress responses
An important area for future investigation into stress recovery is RNA regulation and de-
cay. RNA metabolism is likely to be a critical component of stress recovery cascades, yet
this is an almost entirely unexplored area. RNA decay is presumably essential for clearing
cells of stress responsive transcripts once the environmental challenge to a cell dissipates.
In this manner, RNA decay may also antagonise or circumvent the mechanisms that initiate
epigenetic memories, for instance by either generating or removing template RNA molecules
that could be used by the Post Transcriptional Gene Silencing (PTGS) or RNA-directed DNA
Methylation (RdDM) pathways (Gazzani et al. 2004; Gy et al. 2007; Gregory et al. 2008;
Christie et al. 2011a). Increasing evidence also points to the surprising specificity of partic-
ular RNA decay pathways (Chekanova et al. 2007; Belostotsky et al. 2009; Rymarquis et al.
2011; Merret et al. 2013). In addition, it is likely that the stabilities of mRNAs in plants are
dynamic and can be affected by the environment, for instance by production of stabilisation
factors (Frey et al. 2010) or targeted decay (Merret et al. 2013); however, this is a relatively
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unexplored area in plant research. An as yet entirely unexplored possibility is the prospect
that transcriptional memory might be underpinned by changes in mRNA stability rather
than changes in transcription and chromatin structures.
A pervasive theme in plant interactions with the environment is that dynamic remodelling
of the transcriptome drives acclimation strategies; yet, gene expression studies often focus on
transcription and overlook the critical contribution of the RNA decay pathways. Steady-state
transcript abundance is a product of the rates of transcription and decay; thus, RNA de-
cay is clearly an essential component of gene regulation. However, beyond the steady-state,
RNA stability plays a major role in changing expression states, a role that is not necessarily
obvious at first. Plainly, mRNA stability dramatically affects the rates at which mRNAs dis-
appear following transcriptional repression. However, stability also regulates accumulation
following transcriptional induction. As explained in Ross 1995, consider 2 transcripts that
are transcribed at the same rate and for arguments sake lets call them TF1 and HK2. If TF1
is 10 fold less stable than HK2 then the ratio of TF1:HK2 will be 1:10. If the transcription
rate of both genes increases by 10 fold, ultimately the abundance of both transcripts will
increase 10 fold, maintaining the 1:10 abundance ratio. However, TF1 will reach half its new
steady state 10 times faster than the longer lived HK2. This relationship holds for any system
with zero-order input and first-order output as is the case for mRNA transcription and decay
(Ross 1995; Pérez-Ortín et al. 2007; Elkon et al. 2010). So there is a logic for stress-responsive
transcripts to also be highly unstable enabling rapid responsiveness. No matter how sensitive
and swift a transcriptional switch might be, mRNA transcripts that have prolonged half-lives
will be indifferent to a change in transcriptional state as long as the transcripts remain stable
(Thomsen et al. 2010). Thus, mRNA stability is a key component of transcript responsiveness
and could be manipulated by a plant to modify recovery, priming or memory.
Indeed, studies in yeast have discovered a fascinating coupling of transcription and decay
that surprisingly entails a ’counter-action’ between the two processes and underpins the en-
hanced responsiveness of some transcripts to stress (Choder 2011). Several investigations
found that many transcripts that are induced by stress are simultaneously destabilised (in
yeast Saccharomyces cerevisiae Shalem et al. 2008; Molin et al. 2009; in Saccharomyces pombe
Amorim et al. 2010; and in mammals Elkon et al. 2010). In other words, whilst the cell is ex-
pending resources to increase the abundance of a transcript, in an outwardly fruitless waste
of energy, these transcripts are also rendered more unstable. Yet this phenomenon enables
a fast transient change in mRNA abundance, resulting in expression ’spikes’ (Shalem et al.
2011). An underlying mechanism was found to be mRNA ’imprinting’, the association of the
Pol II subunits Rpb4 and Rpb7, which chaperone mRNAs into the cytoplasm and stay associ-
ated with the mRNA throughout its life cycle. These RNA-binding proteins in turn promote
degradation due to a higher affinity to general mRNA decay machinery. Previous works
have shown increased levels of Rpb4/7 mediated export in stressful conditions (Selitrennik
et al. 2006; Farago et al. 2003). Thus, the proposed model is that stress triggers increased
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Rpb4/7-imprinting, facilitating fast but transient changes in mRNA abundance (Shalem et
al. 2011). It is attractive to consider that in an analogous manner, other RNA binding proteins
could imprint recovery dynamics on mRNA molecules during stress.
In plants, mRNAs are stabilised by the 5 cap, a 7-methyl guanine residue linked to the mRNA
via a 5-5 triphosphate bond, and the 3 poly(A) tail. RNA decay can proceed by removal by
one or both of these structural stabilisers, or by endonuclease cleavage (Belostotsky et al.
2009; Chiba et al. 2009; Christie et al. 2011a; Nakaminami et al. 2012; Nagarajan et al. 2013).
There are a variety of mechanisms that can initiate RNA decay, however, the bulk of mRNA
turnover occurs in the cytoplasm and proceeds by either 5’-3’ or 3’-5’ exoribonuclease decay.
Deadenylation in the cytoplasm is considered to be the main entry point for bulk mRNA
turnover in eukaryotes and polyA shortening by the Ccr4-Caf1-Not complex is typically the
earliest event (Couttet et al. 1997; Decker et al. 1993). Following deadenylation, mRNAs can
be decayed 3’-5’ by the multiprotein exosome complex (Chekanova et al. 2007; Houseley et al.
2006; Schmid et al. 2008) or the recently identified SOV RNaseII-domain protein (Zhang et al.
2010; Gallouzi et al. 2013). Alternatively or in combination with deadenylation, decapping
occurs and initiates degradation 5’-3’ by exoribonucleases (Kastenmayer et al. 2000; Nagara-
jan et al. 2013). RNA decay activity is also required in the nucleus, where various RNA
species, pre-mRNAs and processing intermediates are degraded by XRN2 and XRN3, or by
the nuclear exosome complex (Gy et al. 2007; Nagarajan et al. 2013).
A range of studies in plants now point to the specific and dynamic regulation of RNA sta-
bilities and decay under both stable and stressful conditions. Global investigations into RNA
stability have reported a significant range of mRNA half-lives of 0.2 to >24 hours (mean 5.9
hours and median 3.8 hours across the transcriptome, demonstrating regulation of mRNA
stability (Narsai et al. 2007). These analyses have also identified innate factors and motifs
that affect mRNA stability including conserved sequence elements in the 5’ and 3’ UTRs and
the presence of introns and miRNA binding sites (Narsai et al. 2007; Christie et al. 2011b).
However, it is also clear that stability is dynamic and can change in response to development
and the environment. The stability of mRNAs is known to change during different stages
of the cell cycle (Alterman et al. 1984; Goswami et al. 1996; Wang et al. 2000) and in yeast
multiple studies have demonstrated on a genome wide-scale that stress alters the stability of
many mRNAs (Fan et al. 2002; Castells-Roca et al. 2011; Molin et al. 2009; Molina-Navarro
et al. 2008; Romero-Santacreu et al. 2009; Shalem et al. 2008); although similar genome-wide
investigations in plants are so far lacking. In a recent example in the plant literature, heat
stress triggers the specific decay of many thousands of transcripts, a response that is critical
for acclimation and tolerance of elevated temperatures (Merret et al. 2013). Here, LARP1
and XRN4 associate during heat stress (15 min at 38 ◦C) to facilitate a massive heat-induced
mRNA decay process targeting more that 4,500 mRNAs. LARP is involved in associating
XRN4 to polysomes and xrn4 mutants are highly susceptible to heat stress. Rymarquis et al.
(2011) also demonstrated substrate specificity for XRN4 related to conserved sequence mo-
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tifs in target mRNAs. XRN4 is also specifically linked to the ethylene signalling pathway
(Olmedo et al. 2006; Potuschak et al. 2006). Xu et al. (2012) also found that dehydration stress
activates Arabidopsis MPK6 to phosphorolate DCP1. Impairing this process leads to stress
hypersensitivity and mis-regulation of dehydration responsive transcripts. It has also been
demonstrated that the RNA binding protein Tudor-SN stabilizes levels of stress-responsive
mRNAs encoding secreted proteins in Arabidopsis and is thus required for stress tolerance
(Frey et al. 2010). Cytoplasmic foci called stress granules (SG) and processing bodies (PB) are
also known to form during stress as functional byproducts of mRNA metabolism (Jun et al.
2011; Maldonado-Bonilla 2014; Weber et al. 2008). These bodies sort, store and likely decay
mRNAs during stress and continue to be a focus of intense investigation.
Small RNAs including siRNA and miRNAs provide the RNA decay machinery with exquisite
specificity and many have well established roles during stress responses (Khraiwesh et al.
2012; Sunkar et al. 2007), although roles in stress recovery appear to be unexplored. Pro-
duction of non-coding RNAs during stress can provide substrates for siRNA production and
mRNA regulation. For instance, Borsani et al. (2005) discovered that induction of Arabidopsis
SRO5 expression under salt stress creates a transcript partially complementary to the con-
stitutively expressed P5CDH, resulting in a naturally occurring antisense RNA (natsiRNA).
This dsRNA is a substrate for Dicer-like proteins producing siRNAs during stress targeting
the P5CDH mRNA for degradation in a regulatory loop controlling ROS production and salt
stress response.
Given examples such as the P5CDH natsiRNA, it can be seen that the RNA decay machin-
ery and the gene silencing machinery can potentially compete for the same substrate RNA
molecules (Voinnet 2008; Christie et al. 2011a). In the case of foreign genes, high expres-
sion of single stranded sense transgenes from very active promoters results in susceptibility
to S-PTGS and can cause co-suppression of endogenous genes (Que et al. 1997; Vaucheret
et al. 1997). Moreover, this phenomenon is exacerbated if cytoplasmic RNA decay is im-
paired (Gazzani et al. 2004; Gy et al. 2007) and can lead to the production of sRNAs from
endogenous transcripts (Gregory et al. 2008). Mutations in an RNA splicing factor or several
proteins acting in mRNA 3’ end formation can also lead to enhanced RNA silencing of a
transgenes (Herr et al. 2004). Significantly, during the preparation of this manuscript two
new studies further demonstrated that if the integrity of the decapping (Martínez de Alba
et al. 2015) or cytoplasmic RNA decay machinery (Zhang et al. 2015) is impaired then en-
dogenous transcripts can become susceptible to sRNA production and potentially silencing.
All of these examples appear to be attributable to the availability of aberrant RNA molecules
produced during transcription, which serve as substrates for RNA Dependent RNA poly-
merases (RDRs), triggering dsRNA production and siRNA biogenesis. Indeed some have
proposed that such mechanisms may function to protect the genome against excessively ex-
pressed genes (Luo et al. 2007).
Considering these findings, it is tantalising to consider how the RNA decay machinery might
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compete or collaborate with the epigenetic machinery, to potentiate or circumvent memory
formation. For instance, stress can induce very rapid production of transcripts, which con-
ceivably could lead to an increase in aberrant mRNA that, in turn, would be potential sub-
strates for RDRs. Furthermore, given that PAP is produced by stress (Figure 1.2, Estavillo
et al. 2011) potentially impairing RNA decay, such aberrant molecules could be more readily
susceptible to PTGS. During stress this could in turn lead to RNA Directed DNAMethylation
and potentially heritable changes in gene expression.
Summary
Future research into plant stress tolerance and memory will be greatly aided by complemen-
tary analysis of stress recovery. In particular, the role of RNA metabolism in stress recovery
has tremendous potential. A challenge for future research is to consider the exciting prospect
of epigenetic memory in the context of the best adaptive strategies. Indeed, in many instances
an approach of forgetfulness and resetting may be the more successful evolutionary strategy.
Chapter Aims - Rapid Recovery Gene Silencing
The processes of tolerance, recovery and memory are inextricably linked; however, investi-
gations invariably consider one, sometimes two of these process in isolation from the others.
This investigation aimed to consider how plants balance tolerance, recovery and memory by
analysis of all three processes in a single experiment. A stress-recovery-memory time course
experiment is combined with contemporary RNA sequencing technologies was designed to
examine the genome-wide patterns of mRNA regulation during abiotic stress, recovery and
memory.
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Methods
Plant growth and stress conditions
For all experiments Arabidopsis thaliana (Col-0) plants were cultivated in soil under a 12-h
photoperiod of 100 ±25 µ mol photons m−2 s−1and 23/22 ±2 ◦C day/night temperatures.
For EL treatments, 10 x growth irradiance (photosynthetically active radiation [PAR]) was
applied, approximately 1000 mol photons m2 s1. LED-EL treatments were applied with a
light emitting diode (LED)-array system using white Luxeon III star LEDs (Lumileds Light-
ing) controlled by current limiters and focusing lenses which produced a light spot with 1cm
radius (Gordon et al. 2013). Hot-ELEL treatment was applied with a metal halide lamp and
filtered-EL achieved using 2 cm of water in a clear perspex tray. Spectra were recorded for
the range 350 nm-1100 nm using the LiCor1800 spectroradiometer (LI-COR, Lincoln, NE).
Light treatments were routinely performed between 14:00 and 16:00 around midday in the
day/night cycle (8am-8pm) using mature, approximately 3 weeks old, Arabidopsis plants.
Whole rosettes were excised from their roots and immediately frozen in liquid N2 for RNA
extraction. For Hydrogen Peroxide (H2O2) and temperature measurements, equivalent leaves
were sampled by counting leaf position according to Arabidopsis phyllotaxy (Jürgens 2001),
typically the youngest fully expanded leaf (4 or 5) was sampled. Leaf temperature was mea-
sured by attaching a K-type thermocouple to the underside of leaves (Centre ce-306); air
temperatures were measured in the shade. Drought treatment was applied by withholding
water from 3 week old plants and monitoring viability by visible wilting, photosynthetic
parameters (FvFm as described in Woo et al. 2008 and Wilson et al. 2009) and relative wa-
ter status. RWC was calculated as [Fresh weight (FW)-Dry Weight (DW)] / [Turgid Weight
(TW)-Dry Weight (DW)]. For the drought memory experiment, plants were grown under a
10 hour day cycle to extend the period of vegetative growth in order to accommodate two
progressive drought stress and recovery treatments within the life cycle of the plants.
The Rapid Recovery Gene Silencing (RRGS) time course was performed on 3 week (23 days)
old Arabidopsis plants grown under a 12 hour, 100 uE photoperiod at the 1.08-1.09 growth
stage (growth stages defined in Boyes et al. 2001). The morning of the experiment all plants
were uniformly watered, then transferred to 10x (1000 uE) hot-EL treatments at midday in
a Conviron controlled growth chamber (21 ◦C, 55% humidity). Whole rosettes were har-
vested and snap frozen in liquid nitrogen. Per time point, 15 plants were harvested, all
RNA sequencing experiments - RNAseq, sRNA and PARE - were performed in biological
triplicate on paired samples from the same RNA extraction. RNA was isolated using Trizol
(Life Tech) as described above using the Trizol v1.1 method also provided online (link). All RNA
sequencing experiments were performed on RNA without DNAse treatment. RNA quality
was assessed using a Bioanalyzer (Agilent) for RIN > 7.0. The size and concentration of
sequencing libraries was determined using a MultiNA (Shimatzu) or LabChip GXII (Perkin
Elmer) capillary electrophoresis and a Qubit Fluorometer (Life Technologies).
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H2O2 measurements
Foliar H2O2 levels were qualitatively measured and visualized by 3,3’-diaminobenzidine
(DAB) staining. DAB was was dissolved in acidic H2O (pH 3.2) to 1 mg/mL (approximately
5 mM) with agitation. Petioles of excised mature leaves were placed in DAB solution for 1
hr to facilitate uptake then placed under EL treatments or under control condition for 1 hr.
Leaves were destained in ethanol: acetic acid: glycerol 3:1:1 at 95 ◦C for 10 minutes, solution
replaced then incubated at RT for 30 minutes. This DAB protocol is also available online
[Link]
RNA Isolation and qPCR
For investigation of APX2 response to light quality, total RNA was extracted from 50
m g of leaf tissue using the Spectrum Total RNA kit (Sigma-Aldrich). RNA was reversed
transcribed into cDNA using Super Script III (Invitrogen) and oligo(dT18VN) primers. Gene
expression was analyzed by quantitative real-time PCR (qPCR) on a Roche LightCycler480
using Sybr Green (Roche Diagnostics) and applying the relative quantification method
described by Pfaffl 2001. Samples were normalized against CYCLOPHILIN 5 (CYP5),
GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE C2 (GAPC2) or PROTEIN
PHOSPHATASE 2A SUBUNIT A3 (PP2AA3). At least three biological replicates per
genotype per experiment were sampled, and each sample was run in triplicate. Primer
sequences and descriptions are provided in 5.1.
For sequencing experiments RNA was isolated using Trizol (Life Tech) as described in the
Trizol v1.1 method on line adapted from Allen et al. 2010. Briefly, up to 100 mg of snap frozen
tissue was ground than lysed in 1 ml of Trizol with gentle agitation. Following a 5 min
incubation at RT, the organic phase was extracted twice with 200 ul of chloroform. The
RNA was precipitated by addition of an equal volume of 100% isoproponal and incubated
overnight at -20 ◦C. RNA was recovered by centrifugation and washed with 70% ethanol,
air dried at RT and resuspended in H2O or TE (without heating) and stored at -80 ◦C. RNA
quality was assessed using a Bioanalyzer (Agilent) for RIN > 7.0.
RNA half-life calculation
Half-lives were determined using the following equation (Ross 1995; Lam et al. 2001; Gutier-
rez et al. 2002; Narsai et al. 2007; Thomsen et al. 2010).
t 1
2
=
ln( 12 )
−kdecay Formula for calculating mRNA half life (5.1)
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Experimental procedure for RNAseq comparison of drought and EL
To compare responses during drought and EL stress, whole rosettes of 3 week old (22 days)
Control and EL treated plants were compared to 4 week old (31 days) drought stress plants
(as illustrated in Supplementary Data 5.6). Control plants at 4 weeks of age were also
harvested; however, owing to the delay in development due to the imposition of drought,
the drought stress plants were compared directly with the younger control and EL stressed
plants. Hot-EL stress was imposed as in Figure 5.2 (1hr of 10x growth irradiance) and plants
were drought stressed by withholding water for 9 days until ~60% RWC was reached as de-
termined by measurement of representative plants and visual observations of wilting, com-
bined with monitoring of photosynthetic parameters (FvFm as described in Woo et al. 2008
and Wilson et al. 2009). A subgroup of drought stressed plants were re-watered to confirm
viability and to assess the capacity for recovery. Re-watered plants readily recover in 3-4 days
as shown in Supplementary Data 5.7.
To test whether DNase treatment is required for polyA RNAseq, 3 samples were sequenced
before and after DNase treatment with TURBO DNase as described in the TURBO DNase
treatment v1.1 method on line using the phenol:chloroform recovery method. Up to 20 ug nu-
cleic acid was diluted into 100uL of 1x reaction buffer and incubated with 2 ul of TURBO
DNase for 1 hour, RNA was recovered by phenol:chloroform extraction. Pairwise compar-
isons of the DNase + and DNase - samples following genome alignment revealed negligible
difference in intergenic or antisense mapping reads indicating that any contaminating DNA
from the RNA preparation is effectively excluded from sequencing by the RNAseq library
construction method (likely at the polyA selection and reversed transcription stages). Thus,
in subsequent experiment for sequencing, samples were DNase treated owing to the higher
quality of RNA retained by omitting this step. Results are summarised in Supplementary
Data 5.8.
The Illumina TruSeq V2 kit was used for RNAseq library preparation as per the manufac-
turer’s instructions (TruSeq User Guide Revision D) with a custom dUTP incorporation step
during second strand synthesis to introduce strand-specificity (adapted from Parkhomchuk
et al. 2009). Four micrograms of total RNA was used for input and fragmented for 8 min-
utes. Following first stand synthesis, cDNA was precipitated to remove dNTPs; per 25 ul
first strand reaction 5 ul of 5M NH4OAc (ammonium discriminates against precipitation of
dNTPs), 2 ul of the co-precipitant Glycolblue (Ambion) and 110 ul 100% ethanol was added
and samples incubated overnight at -80 ◦C. The following day samples were recovered by
centrifugation at 4 ◦C, pellets washed with 70% ethanol, air-dired for 5 minutes then resus-
pended in custom second strand buffer incorporating a dNTP/dUPT mix. The second strand
mix contained, 4 ul of 5x RT buffer from the Super Script III kit (Life Technologies), 2 ul 50
mM MgCl, 2 ul 0.1 M DTT, 1 ul 50 ng/ul random hexamers, 49 ul H2O, 8 ul Second Strand
Synthesis buffer (NEBNext, B6117S), 10 ul dNTP/dUTP mix, (Fermentas, R0251), 4 ul Sec-
ond Strand enzyme mix (NEBNext, E6111S) and samples were incubated for 2.5 hours at
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16 ◦C. Prior to the PCR enrichment step (after adapter ligation), the USER enzyme was used
to degrade the dUTP containing coding strand to give a reverse stranded final library. Per
sample, 1 ul of USER enzyme mix was added and samples incubated at 37 ◦C for 15 minutes.
An optimal PCR cycle number of 15 cycles was determined experimentally for amplification
of all samples using pilot PCRs. Final amplification was performed with a half volume PCR,
following PCR clean up samples were pooled in equal molar ratios and sequenced (100bp
paired-end) on one lane of the HiSeq2000 at the Biomolecular Resource Facility (Australian
National University).
The bioinformatic analysis pipeline from fastq to summarised counts per gene is available
online at https://github.com/pedrocrisp/NGS-pipelines. The pipeline used for this analysis
is RNAseqPipe3 as at 23 October 2014. All code has in line comments with descriptions of
the steps implemented. A comprehensive, plain English user guide, describing the purpose
and function of each step of the pipeline was also prepared and is available in the Docs
section on GitHub. Log files for each step of this analysis are available in Supplementary
Data 5.2. Quality control was performed with FASTQC v.0.11.2 (Andrews 2014). Adapters
were removed using scythe v.0.991 with flags -p 0.01 for the prior (Buffalo 2014) and reads
were quality trimmed with sickle v.1.33 with flags -q 20 (quality threshold) -l 20 (minimum
read length after trimming) (Najoshi 2014). The trimmed and quality filtered reads were
aligned to the Arabidopsis genome (TAIR10) using the subjunc v.1.4.6 aligner with -u and
-H flags to report only reads with a single unambiguous best mapping location (Liao et al.
2013). Reads were then sorted, indexed and compressed using samtools v1.1-26-g29b0367
(Li et al. 2009a) and strand specific bigwig files were generated using bedtools genomecov
v2.16.1 (Quinlan et al. 2010) and the UCSC utility bedGraphToBigWig link for viewing in IGV
(Robinson et al. 2011).
For standard differential gene expression testing the number of reads mapping per TAIR10
gene loci was summarised using featureCounts v. 1.4.6 with flags -P and -c to discard read
pairs mapping to different chromosomes and the -s 2 flag for (reverse) strand specificity,
multi-mapping reads and multi-overlapping reads (reads mapping to overlapping regions
of more than one gene loci) were not counted (Liao et al. 2014). Reads were summarised
to parent TAIR10 gene loci rather than individual splice variants by summarising to
the genomic coordinates defined by the feature "gene" in the TAIR10_GFF3_genes.gff
reference (last modified 14/10/2010 ftp://ftp.arabidopsis.org/home/tair/Genes/TAIR10_
genome_release/TAIR10_gff3/TAIR10_GFF3_genes.gff). There are 28,775 gene loci in
the current TAIR10 release and 19,444 genes were detected as expressed in this RNAseq
dataset. Gene loci are annotated with the description of the representative gene model
(ftp://ftp.arabidopsis.org/home/tair/Genes/TAIR10_genome_release/TAIR10_gene_lists/
TAIR10_representative_gene_models). Statistical testing for relative gene expression was
performed in R using edgeR v.3.4.2 (McCarthy et al. 2012; Robinson et al. 2010b; Robinson
et al. 2010a; Robinson et al. 2007; Robinson et al. 2008). Reads mapping to rRNA were
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removed (contamination rate < 0.1% for all samples); organelle transcripts removed and only
loci with an abundance of at least 1 CPM in at least 3 samples (approximately 10-20 raw
reads for each replicate in one sample group) were retained, yielding data for 17,402 gene
loci. ROAST rotational gene set enrichment test were conducted as described in Wu et al.
2010 and the limma User Guide (revision 12 April 2014). Gene Ontology of the concordantly
responsive genes was examined for enriched ontology categories using AmiGO v1.8, Boyle
et al. 2004.
Experimental procedure for RNAseq analysis of the RRGS time course
RNAseq libraries were prepared using the Illumina TruSeq V2 kit (RS-122-2001) as per the
manufacturers instructions (TruSeq User Guide Revision D). Four micrograms of total RNA
was used for input and fragmented for 7 minutes. An optimal PCR cycle number of 10
cycles was determined experimentally for amplification of all samples using pilot PCRs.
Final amplification was performed with a half volume PCR, following PCR clean up samples
were pooled in equal molar ratios and sequenced over 2 lanes, 18 samples per lane (100bp
paired-end) on one lane of the HiSeq2000 at the Biomolecular Resource Facility (Australian
National University).
RNA sequence reads were processed by the RNAseq-pipeline available online on GitHub at
RNAseqPipe3 (link). In Supplementary Data 5.3 the the pipeline.txt file describes the scrips
executed and the complete logs files are provided for the entire analysis. The pipeline was
as described above for the EL and Drought RNAseq analysis, except at the featureCounts
step read were summarised in a non-strand specific manner in accordance with the library
preparation, in total 17991 loci passed filtering and were tested for differential expression.
Multdimensional scaling plots were created using the plotMDS.DGEList in edgeR, a variation
on PCA particularly appropriate for digital gene expression. A set of top genes are chosen
that have largest biological variation between the libraries (those with largest tagwise dis-
persion treating all libraries as one group). Then the distance between each pair of libraries
(columns) is the biological coefficient of variation (square root of the common dispersion)
between those two libraries alone, using the top genes.
Experimental procedure for small RNAseq analysis
For small RNA analysis sRNA were size fractioned from 10 ug of total RNA using PAGE on
15%, 8 M TBU gels (5.25 g urea, 4.7 ml 40% acrylamide [19:1 acrylamide:bis-acrylamide], 625
ul 10x TBE made up to 12.0 ml then dissolved by heating to 60 ◦C, once cool polymerisation
initiated with 175 ul 10% APS and 8.8 ul TEMED, swirled and poured immediately). The
sRNA were isolated by excising the region from approximately 18-35 bp, gel slices shredded
and sRNA eluted by gentle agitation of gel debris in 500 ul of 0.3 M NaCl overnight at 4 ◦C.
170 Chapter 5: Rapid recovery gene silencing
Gel debris were then filtered with a 45 uM SpinX filter column and sRNAs were precipitated
from the flow-through by addition of 2 ul of GlycoBlue (Ambion), an equally volume of
100% isopropanol (~700 ul) and incubated at -20 ◦C overnight. sRNA were recovered by
centrifugation, washed with 70% ethanol, air dried and resuspended in 12.5 ul of RNAse free
water.
Small RNA sequencing libraries were prepared using the NEB Next sRNA kit (E7300), ac-
cording to the manufacturers instructions from 5 ug of isolated sRNA. Ligations were per-
formed for 1 hr. Pilot PCRs (20 ul) were performed on the cDNA to determine an optimal
PCR cycle number of 13, final PCR was performed using a 40 ul reaction in duplicate. Am-
plified libraries were size selected by PAGE on 6% 0.5 x TBE gels. Libraries were prepared in
biological triplicate, indexed, pooled and sequenced 18 libraries per lane over 2 lanes of the
Illumina HiSeq2000 in 50bp SE sequencing at the Biomolecular Research Facility, ANU.
Small RNA sequence reads were processed by the sRNA-pipeline available online on GitHub
at smallRNAseqPipe1 (link). In Supplementary Data 5.4 the the pipeline.txt file describes the
scrips executed and the complete logs files are provided for the entire analysis. Read qual-
ity control was performed with FastQC v0.11.2 (Andrews 2014) before and after trimming.
Given that reads were sequenced with 50 bp reads length, all sRNAs were expected to contain
adpater on the 3’. Adapters were trimmed using cutadapt v1.8 (Python2.7.8; Martin 2011;
note that the cutadapt algorithm has changed significantly since publication link). Cutadapt
was run with the flags: -e 0.1, first 9 bases of adapter must match perfectly; -m 18 -M 25,
only keep reads lengths from 18 nt to 25 nt after timming; -O 10, adapter must overlap by at
least 10 bases; -a AGATCGGAAGAGC, adapter sequence. Histograms of read-length distri-
bution were calculated using textHistogram link. Reads were then aligned to the Arabidopsis
genome (TAIR10) using bowtie2 v2.2.5 (Langmead et al. 2012), using the flags: -a to report all
matches for multi-mapped reads; -D 20 and -R 3, increases the likelihood that bowtie2 will
report the correct alignment for a read that aligns many places and -i S,1,0.50, reduces the
substring interval, further increasing sensitivity; –end-to-end, preventing trimming of reads
to enable alignment; -L 10 reduces substring length to 10 (default 22) as these are short reads
and -N 0 requires exact match in the seed; –score-min L,0,0 reports only exact matches in –
end-to-end mode (alignment score of 0 required which is max possible in end mode). Reads
were then sorted, indexed and compressed using samtools v1.1-26-g29b0367 (Li et al. 2009a)
and strand specific bigwig files were generated using bedtools genomecov v2.16.1 (Quinlan
et al. 2010) and the UCSC utility bedGraphToBigWig link for viewing in IGV (Robinson et al.
2011).
Parallel Analysis of RNA ends (Degradome)
PARE libraries were prepared by capturing a 20-21 nt tag of the 5’ end of all uncapped
(5’ monophosphate) mRNA molecules by ligation of a 5’ adapter incorporating the recog-
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nition site of the Type II restriction endonuclease MmeI. Following tag generation libraries
were amplified with 3’ index primers from the Truseq sRNA Kit (RS-200-0012) and a custom
PARE-TruSeq primer, facilitating incorporation into the Illumina work flow for sequencing.
Libraries were prepared from polyA RNA captured from 75 ug of total RNA, as per Zhai
et al. 2014 with minor modifications as noted in the online PARE-TruSeq (sRNA kit) proto-
col (link). Specifically, following ligation of the dsDNA 3’ adapter, the ligation product was
PAGE purified to remove abundant adapter dimers, yielding higher quality final libraries. In
addition, pilot PCRs were employed to determine an optimal PCR cycle number of 8 cycles
for the final amplification, which was performed as a half volume reaction (25 ul). Following
the final PCR, the indexed libraries were pooled equal-molar then purified using AMPure
beads using a bead ratio of 1:1.7 determined empirically using a standard curve to maximise
recovery of the 130 bp library and minimise carryover of 80 bp contaminants. Libraries were
sequenced on the Illumina HiSeq2500 in 50bp SE sequencing at the Biomolecular Research
Facility, ANU using a custom read 1 primer (5 CCACCGACAGGTTCAGAGTTCTACAGTC-
CGAC 3, PAGE purified).
The bioinformatic pipeline for processing PARE data from fastq to genome mapping and
summarisation is available online on GitHub at PARE_pipe1 (link). In Supplementary Data
5.5 the the pipeline.txt file describes the scrips executed and the complete logs files are pro-
vided for the entire analysis. FastQC v0.11.2 (Andrews 2014) was used to examine fastq
files for quality statistics, typically read quality is exceptional for bases 1-21 of all reads (Q
> 32, 99.9% accuracy). The PARE protocol produces very consistent fragments of 20-21 nt;
therefore, using longer read technology (50 or 100 bp) leads to sequencing of the 3’ adapter
in most cases. As such from base 22 onwards read quality is variable and can be very
low, dropping significantly owing to colour imbalance on the sequencer (50% of clusters are
the same base, hence same colour). To trim this often low quality adapter sequence, reads
were first trimmed back to 20 nt (using cutadapt), then the remaining 20 nt fragments were
searched for adapter contamination using cutadapt v1.8 (Python 2.7.8; Martin 2011 - note
the cutadapt algorithm has changed significantly since publication [link]). Cutadapt was run
with the flags: –cut -31, trim 31 bases from the 3’ end; -e 0.1, first 9 bases of adapter must
match perfectly; -m 14 -M 22 only keep reads between 14 and 22 nt after timming; -O 3,
adapter must overlap by at least 3 bases; -a TGGAATTCTC, Illumina small RNA TruSeq 5’
adapter sequence. This approach gave a higher yield of reads passing filtering and ultimately
mapping to the genome compared to quality trimming or adapter removal without a fixed
length trim first (>90% alignment rate). Reads were then aligned to the Arabidopsis genome
(TAIR10) using bowtie2 v2.2.5 (Langmead et al. 2012), using the flags: -a to report all matches
for multi-mapped reads; -D 20 and -R 3, increases the likelihood that bowtie2 will report the
correct alignment for a read that aligns many places and -i S,1,0.50, reduces the substring
interval, further increasing sensitivity; –end-to-end, preventing trimming of reads to enable
alignment; -L 10 reduces substring length to 10 (default 22) as these are short reads and -N 0
requires exact match in the seed; –score-min L,0,0 reports only exact matches in –end-to-end
172 Chapter 5: Rapid recovery gene silencing
mode (alignment score of 0 required which is max possible in end mode). Reads were then
sorted, indexed and compressed using samtools v1.1-26-g29b0367 (Li et al. 2009a) and strand
specific bigwig files were generated using bedtools genomecov v2.16.1 (Quinlan et al. 2010)
and the UCSC utility bedGraphToBigWig link for viewing in IGV (Robinson et al. 2011).
Whole-genome bisulfite sequencing analysis
The methylC-seq protocol is available on line atMethylCseq library preps for Illumina Sequencing
v2.6 [Link]. For methylC-seq analysis from four replicates each of time points 0, 60 minutes
EL and 24 hours recovery from the RRGS time course, however, these sample were not
tissue paired with the RNA sequencing analysis. DNA was extracted using the Qiagen
DNeasy Plant Mini Kit as per the manufacturers instructions. In total 1000 ng of gDNA was
fragmented by sonicated using a Covaris, column purified (Qiagen MinElute PCR Clean Up)
and end repaired (Epicentre End-It Kit) and A-tailed and bead cleaned using AMPure XP
beads (Beckman Coulter). Bioo Scientific NEXTflex methylated adapters were ligated and
following bead cleaning the ligation product was quantified on a Qubit (Life Technologies0;
450 ng of clean ligation was bisulfite converted using the MethylCode Kit (Life Technologies).
BS-converted DNA was amplified with 6 cycles of PCR using a Kapa HiFi HotStart U+ 2x
readymix (Kapa Biosystems) and an Illumina compatible NEXTflex Primer mix. Samples
were bead-cleaned, quantified by qPCR (Library Quantification Kit - Illumina/LightCyclero˝
480, Kapa Biosystems) and pooled equal-molar and 6-sample pools were sequenced per lane
on a Hiseq2500 at the Biomolecular Resource Facility ANU.
Sequencing reads were processed to identify and filter poor 3 quality and incomplete conver-
sion. Sequenced reads were aligned using the Bismark aligner (v0.13.0; Krueger et al. 2011)
against the Arabidopsis reference genome (TAIR10; ref) under the following parameters (-n
2, -l 20). Methylated cytosines were extracted from aligned reads using the Bismark methy-
lation extractor under standard parameters. Bisulfite conversion rate was calculated from
the proportion of unconverted cytosines in the CHH context from the chloroplast genome.
The proportion of CG, CHG, and CHH methylation was determined as weighted methy-
lation levels (Schultz et al. 2012) in 100-bp windows across the genome. Methylation levels
were compared to annotated gene and transposable element features of the TAIR10 assembly
using bedtools (Quinlan et al. 2010). DMRs were identified across 100bp sliding windows,
provided a minimum if 10x sequence coverage and according to the following criteria in
each sequence context: CpG minimum difference in methylation proportion 80%; minimum
3 cytosines in window; CHG minimum difference in methylation proportion 60%; minimum
3 cytosines in window; CHH minimum difference in methylation proportion 40%; minimum
2 cytosines in window.
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Results and Discussion
Abiotic stress recovery in plants
To investigate the interplay between memory of stressful episodes versus recovery and re-
setting in plants, a simple repeat drought exposure experiment was performed. Two groups
of six week old Arabidopsis plants were subjected to a progressive drought treatment and
their fitness was qualitatively compared. Group 1 plants (’naive’) were grown under stan-
dard labratory conditions while the group 2 plants (’conditioned’) were pre-conditioned by
exposure to a progressive, severe drought stress and recovery at 3 weeks of age (Figure 5.1).
In blind observations the performance of the two groups of plants was indistinguishable.
Following 7 days of progressive drought both sets of plants uniformly displayed the onset
of wilting and turgor loss, as well as growth arrest compared to non-stressed control plants.
No evidence of a fitness advantage or a physiologically significant drought memory could
be observed in conditioned plants at a gross qualitative level. This experiment demonstrates
the remarkable ability of plants to recover from stress. Consequently, in order to understand
the mechanisms and the circumstances under which plants favour acclimation and memory
formation, a greater understanding of the recovery process is required. Deciphering stress
recovery is a key step towards a comprehensive understanding of how plants interact with
their environment and approach stress tolerance, avoidance and memory.
Unique characteristics of Hot Excess-light as a model stress
As a model system to interrogate transcriptional regulation during abiotic stress perception,
recovery and memory, EL stress was selected. Specifically, Hot-EL was used as this light
quality is required for robust induction of key EL response transcripts such as APX2 (Fig-
ure 5.2) and Hot-EL was found to induce a very similar transcriptional response to drought
stress. For instance, cold light sources such as LEDs or water-filtered light can modestly
activate APX2 by 10 and 18 fold respectively, while Hot-EL increases abundance by up to 4
orders of magnitude (Figure 5.2 B). It is also notable that other transcripts such as ELIP2 dis-
play specificity for cold-light induction (Figure 5.2 A). The key difference between the light
sources is likely to reside in the heat emitted and corresponding elevations in leaf tempera-
ture (Figure 5.2 D-E).
Comparison of the of EL and drought responsive transcripts (> 2 fold change, adjusted p
value < 0.05) revealed a substantial and significant overlap in the response to the respective
abiotic stresses. More than one third of the EL responsive genes were similarly responsive
to drought (Figure 5.3 B). In total, a 33% overlap was observed for up-regulated transcripts
comprising 469 common genes and 37% overlap of 703 genes for down-regulated transcripts
(tables of commonly up- and down-regulated genes are provided in Supplementary Data 5.11
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Age (Days) 19 33 41 49 51
Control
14 days 
drought
7 days 
recovery
7 days 
drought
9 days 
drought
7 days 
drought
9 days 
drought
Control
“Naive”
1x drought
“Conditioned”
drought
recovery
drought
Figure 5.1 – Drought memory experiment.
Drought stress was imposed on the "veteran" plants by withholding water from 19 day old
plants. After 14 days of drought, plants uniformly displayed symptoms of medium to severe
drought stress, including wilting, loss of turgor and delayed growth. The RWC of representative
plants was between 39%-60%. The "veterans" were then re-watered and observed to recover
turgor within hours, then allowed to recover and resume growth for 7 days. At 41 days old the
"veterans" and "rookies" (plants maintained up to this point under a standard watering regime)
were both subjected to a progressive drought by again with-holding watering and monitored
qualitatively for symptoms of drought stress.
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Figure 5.2 – APX2 and light quality.
A. ELIP2 and B. APX2, transcript abundance under control growth conditions, LED EL, filtered
EL and hot EL. Plants were exposed to the EL treatments for 1 hour, light qualities have a total
PAR 1000 uMol photons m−2 s−1. Light was filtered using 2 cm of water in a clear perspex tray
(fEL). For LED treatments, only the EL exposed tissue was harvested. Values are expressed as
fold change relative to control plants and represent the average of 3 biological replicates; error
bars represent standard deviation.
C. Qualitative visualisation of H2O2 production under different light conditions. DAB stains of
representative leaves exposed to the different light conditions. Under each condition leaves from
3 individual plants were analysed. The area above the dotted line indicates the part of the leaf
exposed to the LED spot-light.
D. Spectra were recorded for the range 350 nm-1100 nm using the LiCor1800 spectroradiometer.
Observations were recorded at 1nm intervals and values represent the average of 2 observations.
E. and F. Leaf temperature was recorded using a K-type thermocouple and datalogger (Centre
ce-306); at 30 second intervals . Values represent the average of 2 leaves (60 min timepoint
temperatures were measured for n=12 biological replicates).
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and 5.12). By contrast few antagonistic changes occur: only 10% of the EL up- and 12% of the
EL down-regulated transcripts exhibit the opposite pattern under drought. This frequency
of antagonistic regulation is not statistically significant (p > 0.05, hypergeometric test). Gene
ontology analysis revealed that common up-regulated genes were enriched for transcription
factors and numerous GO Biological Processes related to stimulus-response, including re-
sponse to water deprivation, abscisic acid, light stimulus, hydrogen peroxide and response
to heat (Supplementary Data 5.13). For the common down-regulated genes (Supplemen-
tary Data 5.14) notable enrichment of processes related to cell growth and replication was
observed. Interestingly, one tenth of the common down-regulated genes relate to immune
response, possibly reflecting a trade off between abiotic and biotic tolerance. In addition,
many GO Molecular Function terms relating to epigenetic regulation were enriched among
the genes down regulated by both EL and drought, including epigenetic regulation of gene
expression (GO:0040029), DNA methylation (GO:0006306) and gene silencing (GO:0016458),
histone modification (GO:0016570), particularly histone H3-K9 modification (GO:0061647).
This result is particularly interesting as it raises the possibility that a common response to
drought and EL stress is a release or impairment of epigenetic regulatory mechanisms. This
hypothesis has several potential implications, including the release of epigenetically silenced
elements in the genome or the preclusion of epigenetic memory formation during stress
by impairment of the epigenetic machinery. Of course epigenetic modifications can both
repress and promote transcription and are highly context specific, thus the effect of this
general perturbation of the epigenetic machinery may be complex. The ontology results are
also presented as hierarchal tree diagrams in Supplementary Data 5.15 and 5.16 to illustrate
the relationship between the terms. In summary, these results demonstrate a concordance
and compatibility between the transcriptional responses to hot-EL and drought, and identify
several key pathways and mechanisms underpinning these similarities.
Compositional reshaping of the transcriptome is followed by Rapid Recov-
ery Gene Silencing
Analysis of the EL and drought RNAseq data revealed that upon EL stress and to an extent
during drought, a group of highly abundant genes display a very large induction (indicated
by arrows in Figure 5.4 A). This group of genes predominately increase in abundance from
relatively very low levels under control conditions to become among the most abundant
mRNAs in the transcriptome. To investigate the response of such transcripts to alleviation
of the stress a pilot stress-recovery time course experiment was performed and the mRNA
abundance of typical EL-stimulated transcripts monitored by qPCR (Figure 5.4 B). For APX2,
rapid induction by EL is supplanted by an even more rapid crash in abundance upon allevi-
ation of the stress. A similar trend was observed for ELIP2, which was also rapidly decayed
during recovery. By contrast, ZAT10 displayed a more gentle decline in abundance during
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Up-regulated Down-regulated
946 469 1591 1191 703 1606
33% 37%
Excess-light Drought Excess-light Drought
p < 0.01 p < 0.01
Figure 5.3 – RNAseq comparison of transcriptional responses to Drought and EL.
Differentially expressed transcripts under hot-EL and drought were overlapped to determine the
relative concordance of response to different stresses. Venn diagrams depicting the overlap of
EL-responsive transcripts with drought responsive transcripts. The significance of the overlap
was determined using a hypergeometric test.
recovery, while the expression of RRTF1 continued to increase during the recovery period,
followed by rapid silencing between 30 and 60 minutes of recovery. This phenomenon of
rapid decay during the recovery period was termed Rapid Recovery Gene Silencing (RRGS).
The decay constant (kdecay) and half-lives were estimated for the periods of rapid decay. In
the first 15 minutes of recovery, APX2 exhibited a half-life of 6.6 minutes and for RRTF1 a
half-life of 5.1 minutes was recorded between 30 and 60 minutes recovery. These half-lives
are extremely short; for instance, in Narsai et al. 2007 the shortest reported half-life in Ara-
bidopsis cell culture following transcriptional inhibition was found to be 13.0 minutes and
the mean half-life across the transcriptome is 5.9 hours. In fact, the measurement of a kdecay
and half-life in planta is necessarily an overestimation because the formula for kdecay assumes
that transcription has ceased entirely, which is unlikely in any living biological system in the
absence of an exogenous transcriptional inhibitor (Ross 1995). Considering these results, it
was hypothesised that RRGS could be mediated by cis-acting siRNA generated from a pro-
liferation of aberrant transcripts, which might operate as a self-limiting control mechanism
for the initial rapid emergency stress response to the light shock; or this mechanism could be
triggered upon perception of stress alleviation to enable rapid recovery. To investigate this
possibility on a genome wide scale an RRGS time course was designed.
An overview of stress and recovery
To investigate RRGS and the transcriptional dynamics and mechanisms underpinning stress
recovery and memory, a hot-EL stress time course experiment was performed as outlined
in Figure 5.5. The time course consisted of 4 phases designed to investigate complementary
aspects of stress tolerance and acclimation. Samples formed tight clusters upon hierarchical
clustering, reflecting the quality and reproducibility of the expression data (Figure 5.5 C).
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Figure 5.4 – RNAseq profiles of EL and drought and a qPCR recovery time course.
A M versus A plots for EL and drought each compared to control samples respectively. Each dot
represents a transcript and log2 fold-change (stress/control) is plotted against average abundance
in counts per million. Red dots indicate differentially expressed transcripts (FDR < 0.05), blue
lines are drawn at +/- 2 fold-change and arrows indicate the groups of high abundance, high
fold-change genes.
B Relative abundance (ratio to time 0) of EL responsive transcripts monitored by qPCR during a
stress-recovery time course (1000 uE for 60 minutes, followed by 100 uE recovery for 60 minutes,
sampling at 15, 30 and 60 minutes recovery). Error bars indicate SE, n = 2, blue line is a lowess
regression curve.
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Quantitative PCR was also performed, validating the normalised expression profiles over the
RNAseq time course (Supplementary Data 5.17). Significantly, inspection of the heatmap and
MDS plots revealed a ’pyramid’ of stress, recovery and acclimation (Figure 5.5 B-C). Follow-
ing an hour of EL stress the transcriptomes of recovery samples are clearly distinguishable
from the other samples. This is consistent with the activation of a dynamic stress recov-
ery cascade as opposed to merely a relaxation back to the pre-stressed state. This dynamic
recovery program is characterised by simultaneous rapid decay of some transcripts and ac-
tivation of many others. It is evident in the MDS plot that dimension 1 can be identified as
the initial stress component, dimension 2 is characterised by recovery, which is distinct from
fully recovered plants that sit along side untreated plants, while dimension 3 is associated
with prolonged or repeated stress. In three-dimensional space this forms somewhat of a
stress-recovery-memory pyramid. Thus the transcriptional profiles of stressed, recovering,
recovered and re-stressed plants are clearly distinguishable.
Active recovery perception
To further explore the perception and activation of the stress-recovery response, the trajecto-
ries of transcripts in plants maintained in EL for 120 minutes (IV) were compared to plants
that were sent to recovery after 60 minutes (VII I). The plot in Figure 5.6 A demonstrates that
for most EL activated transcripts, if EL is maintained, then high expression is also maintained
(red lines); conversely, if the stress is alleviated then expression is silenced (blue lines). This
behaviour could be underpinned purely by transcriptional regulation. The alternative hy-
pothesis is that mRNA stability is dynamic and during stress important EL responsive tran-
scripts are stabilised, then upon alleviation of the stress recovery triggers decay. To test this
mature soil-grown Arabidopsis plants were placed under EL for 30 minutes, then leaves were
infiltrated with the transcriptional inhibitor cordycepin (or mock). For APX2 high steady-
state transcript levels are maintained in the presence of the transcriptional inhibitor, which is
consistent with specific stabilisation of APX2 mRNA during stress. Pre-treatment with cordy-
cepin prior to EL exposure severely attenuated APX2 induction; however, mock treatment
also partially attenuated APX2 induction, indicating that further refinement and validation
of the experimental system is required. Protoplasts were considered as an attractive alterna-
tive system owing to the ease with which a transcriptional inhibitor could be administered.
Extensive efforts were made to establish a protoplast EL assay; however, comprehensive ex-
perimentation revealed that protoplasts exhibit abnormal EL transcriptional responses that
do not adequately resemble the response in leaves. Only modest induction of the EL re-
sponsive transcripts tested was observed (APX2, ELIP2, HSP101, HSPA7A, HSP20like1 and
HSP20like2) and ultimately it was determined that protoplasts are not an appropriate model
of EL response in this regard.
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Figure 5.5 – Overview of the RRGS time course.
A Schematic of the RRGS time course experimental design. In Phase 1, plants were exposed to
10x growth irradiance (1000 uE) for 1 hour to establish the initial transcriptional responses to EL.
Subsequently in Phase 2, a subset of plants were returned to comfortable growth irradiance (100
uE) to observe the dynamics of transcriptional recovery; while a group of plants remained in EL
for a further 60 minutes to enable comparison of sustained EL and recovery. In Phase 3, following
the phase 2 recovery a subset of plants were returned to EL to investigate priming in the case of
immediate, repeated stress exposure. This immediate priming group was contrasted with a
longer term memory experiment in Phase 4, where plants were exposed to a delayed repeated
exposure following 24 hours recovery.
B A heatmap representation of a one-dimensional hierarchical clustering of genome-wide
differential expression levels as determined by RNA-seq for each time point in the RRGS time
course relative to the untreated control group.
C MDS plot with each coloured circle representing a sample, clustered according to the
difference in differential expression profiles. Overall, dimension 1 captures the initial EL
response, dimension 2 the recovery responsive genes and dimension 3 is characterised by repeat
or extended EL.
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Figure 5.6 – EL stress stabilises transcript levels potentially via increased mRNA stability.
A Comparison of transcript trajectories in RNAseq data between recovery (blue lines) and
prolonged EL stress (red lines).
B Local polynomial regression fitting (loess curve) for data in A demonstrating the trend.
C APX2 mRNA abundance measured by qPCR during EL stress in the presence of the
transcriptional inhibitor cordycepin or a mock treatment. Untreated refers to leaves exposed to
EL and not infiltrated at all to identify effects caused by the infiltration method.
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Excess-light transcriptional memory
Next the genome-wide prevalence of EL transcriptional priming or ’memory’ was consid-
ered by comparing the transcriptional response of plants exposed to EL for the first time, to
plants experiencing a repeat exposure (samples I I I, IX and XI - time points are depicted in
Figure 5.5 A). The initial 60 minutes EL stress led to the differential expression of 6483 genes
at 5% FDR, with 1841 passing an absolute log2 fold change filter of greater than 1 (padj <
0.05; 953 up, 888 down). Both repeat stress treatments (IX and XI) elicited a greater global
transcriptome perturbation compared to the initial stress, as evident in the heatmap in Fig-
ure 5.8 A. In particular, re-exposure to EL after just 60 minutes recovery caused a significant
increase in the number and magnitude of differential expression. However, this time point
was complicated by the fact that after just 60 minutes recovery the transcriptome in no way
resembled a pre-stress state (Figure 5.8 A, sample VIII).
Three stress-memory types are proposed in Figure 5.7. First, the prevalence of hyper-
induction memory (Figure 5.7) was analysed by filtering for transcripts that are differentially
expressed after the first exposure (I I I vs I, padj < 0.05), relaxed to pre-stress levels during
recovery (X vs I, padj > 0.05) then differentially expressed during the second stress when
contrasted with the first stress (I I I vs XI, padj > 0.05). This analysis revealed a significant
occurrence of transcriptional memory, although predominately the response to the second
stress was very similar to the response to the first stress. Of the 8800 transcripts responsive
to the second stress exposure (XI vs X, padj < 0.05) 394 exhibited a hyper-induction and 192
hyper-repression (Figure 5.8 B-C; all stress memory transcripts are listed in Supplementary
Data 5.18). Transcripts displaying a persistent memory type were defined as those that (i)
were differentially expressed at all three time points compared to time 0 and (ii) fluctuated by
less than +/- 2 fold between each successive time time point. In total 189 transcripts displayed
persistent-induction memory and 284 persistent repression (Figure 5.8 E-F). Thus, it can be
reported that there is prevalent genome-wide EL transcriptional memory in Arabidopsis.
Examination of the transcriptional profiles of the identified ’memory’ genes led to the discov-
ery of a significant complexity to transcriptional memory analysis. The expression of many
hyper-induction transcripts, in fact, attained comparable levels in both the first and second
exposure; however, expression peaked sooner in the first exposure and subsequently declined
to lower levels by 60 minutes (Figure 5.8 D). Moreover, many transcripts in the ’persistent’
memory class peaked in expression during the recovery period, pointing to the possibility of
a specific role in stress recovery (Figure 5.8 G). Ultimately, this result has revealed an inad-
equacy of sampling at a single time point in a transcriptional memory experiment. Hyper
memory is not distinguishable from ’rapid’ memory and many persistent genes actually peak
in expression during recovery. Accordingly future analysis of transcriptional memory must
undertake time course profiles of stress and recovery.
A diverse range of environmental stresses have been shown to alter DNA methylation (re-
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Figure 5.7 – Transcriptional Priming and Memory Types.
The hyper memory response follows the canonical definition of transcriptional stress memory
(Ding et al. 2012b; Ding et al. 2013; Avramova 2015) but also requires that the transcript relaxes to
a pre-stress state during recovery. The rapid memory type involves changes in the speed or
timing of induction/repression, which contribute to priming. Thus, a more rapid induction could
lead to a more rapid physiological acclimation, or it could lead to an increased dose of an mRNA
(ie absolute steady state levels might not increase but expression could be maintained for a
longer period). Thirdly, a persistent class of memory transcripts is proposed; here a stress causes
a switch in expression that is maintained beyond alleviation of the stress. In addition, novel
response types are foreseen, whereby stress responsiveness is lost or gained. Critically,
considering these memory types it is evident that it is essential to profile the recovery period to
investigating transcriptional memory.
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Figure 5.8 – Repeat Stress, Priming and Memory.
A Heatmap summarising the patterns of relative expression for each treatment vs the untreated
control. I I EL 60 minutes no conditioning; IX EL 60 minutes, pre-conditioned with 60 minute
recovery from the initial EL stress; XI EL 60 minutes, pre-conditioned with 24 hours recovery.
B-G Line plots of relative abundance (RNAseq) over time (minutes), for transcripts exhibiting
transcriptional ’memory’. B 394 genes show hyper-induction and C 192 genes display
hyper-repression; D profile of hyper-induction over the full time course demonstrating peak
expression at 30 minutes EL. E 189 transcripts displayed persistent-induction memory and F 284
persistent repression; G however many persistent induction loci peak during recovery. Red lines
indicate the 60 minute EL exposures, light blue the 60 minute recovery and dark blue lines the 24
hour recovery period, which is also demarcated with a vertical line to indicate the break in the
axis scale.
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viewed in Herman et al. 2011, Boyko et al. 2010). Thus, this transcriptional investigation into
plant memory was also complemented with whole genome bisulfite sequencing of 4 repli-
cates of time points I, I I and X to examine whether 60 minutes of EL stress causes alterations
in DNA methylation.1 An additional set of plants were included, which were exposed peri-
odically to 60 minutes of EL, 3 times a day for 7 days. In particular, we were interested to
examine whether DNA methylation changes correlated with ’persistent’ down regulation or
’loss’ of responsiveness memory types. Two approaches were undertaken: manual inspec-
tion of memory loci in genome browsers for the presence of Differential Methylated Regions
(DMRs) and de novo DMR identification. In each methylation context (CpG, CHG and CHH)
DMRs were identified by differences in the proportion of methylation as weighted methyla-
tion levels (Schultz et al. 2012) in 100 bp sliding windows across the genome. In total 924
regions displayed DMRs between samples in the CpG context, 437 in the CHG and 847 in
the CHH context. Indeed, 65 DMRs were found to coincide with transcriptional memory
loci. However, we are reluctant to over-interpret this result as the plants used in this study
originated from a bulk harvest and some may be genetically separated by several genera-
tions (rather than direct siblings), which can result in stochastic variations in DMRs (Schmitz
et al. 2011). Moreover, many of the DMRs are single 100-bp windows often in gene bodies
and adjacent to cytosines that do not display differential methylation. Manual inspection of
memory loci suggests that further analysis is required (e.g. Figure 5.9 B-C). Nevertheless,
the possibility that 60 minutes of EL stress can induce DMRs coinciding with transcriptional
memory loci warrants further investigation.
Overall this investigation found prevalent transcriptional memory in response to EL in Ara-
bidopsis. Yet, it was also found that transcript levels during stress cannot be interpreted in
isolation and it is essential to consider the induction and recovery profile. Arguably the most
significant finding, when put into perspective, is that of the 8800 transcripts responsive to the
EL exposure the vast majority do not exhibit transcriptional memory. Thus, transcriptional
recovery and decay are the focus of the remainder of this investigation.
Prevalent and dynamic rapid decay events are enriched during stress recov-
ery
To examine the mRNA decay landscape during EL stress and recovery in Arabidopsis, all
transcripts that displayed a significant (FDR < 0.05) reduction between any 2 consecutive
time points were identified (totals differential expression for each time point relative to time
0 are reported in Figure 5.10 A). For each transcript the net decay was quantified and the
effective kd and half-lives were estimated. The net decay values represent log2 fold-changes
between respective time points; hence, a net decay of -1 represents a 50% drop in transcript
abundance. The decay constant and half-lives of the transcripts were estimated assuming
1Processing of DNA methylome data performed by Diep Ganguly with guidance and scripts provided by Steve
Eichten
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Figure 5.9 – Methylome following 1 hour EL stress.
AnnoJ genome browser profiles of DNA cytosine methylation levels in control (I), 60 minutes EL
stress (I I I), 24 hours recovery from EL stress (X) and 7 days of repetitive EL exposure. Vertical
bars denote and indicate relative levels.
A An example DMR present in the EL stressed samples. Example transcriptional stress memory
loci, no significant differences in methylation are observed for B AT1G01060, LHY Myb
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an exponential decay model; however, many decaying transcripts are likely to still be under-
going transcription. As such the kd and half-lives reported are effective values representing
lower bound estimates and necessarily are an underestimation of the true instability but are
of great utility for comparative purposes. A similar approach was previously employed to
examine RNA decay in vivo in the absence of inhibitors in Drosophila development (Thomsen
et al. 2010).
The periods of the time course that were identified to have, on average, the most unstable
transcripts (shortest half-lives) occur during the periods of 0 to 7.5 minutes and 7.5 to 15
minutes recovery following the initial hour of EL stress (Figure 5.10 B). Accordingly, the top
1000 most unstable transcripts were identified across the whole time course (Supplementary
Data 5.19), revealing that the first 15 mins of recovery accounts for 69% of the 1000 transcripts
with shortest half-lives (Figure 5.10 C) in agreement with the median values (Figure 5.10 B).
Thus, the period of most instability occurs during recovery. The shortest reported half-life
from global analysis in cell culture in the absence of stimulus is 13.0 minutes (Narsai et al.
2007). Here it was observed that 1021 transcripts have decay rates faster than 13.0 minutes.
Analysis of the GO Ontology categories enriched among the most unstable transcripts re-
vealed greatest enrichment for the Molecular Function transcription factor, which in turn
likely accounted for a large diversity of stress responsive Biological Processes Terms that
are enriched for this group (Supplementary Data 5.20). Unexpectedly, there is virtually no
correlation (r2 = 0.02) between temporal half-life measured during stress and recovery and
and half-life determined following transcriptional inhibition (Figure 5.10 D). This result is
consistent with the hypothesis that RNA stability is dynamically regulated during stress and
recovery and that the recovery period triggers specific de-stabilisation and decay.
A perspective on resource allocation, estimating molecular decay rates
Half-lives and kdecay provide a comparable measure of the stability of an mRNA; however,
because RNA decay is a first order process, these parameters do not directly reflect rates of
decay. The decay rate of an mRNA (molecules h−1) is a product of the decay constant (kdecay)
multiplied by concentration (C). Accordingly, it is informative to put into perspective the
workload of the cellular RNA decay machinery by considering decay rates. Lee et al. (2003)
estimated that Arabidopsis has 100,000 transcripts per cell for average sized transcripts (citing
estimates of 100,000 500,000 for higher plants [Kamalay et al. 1980; Kiper et al. 1979]) and
accordingly, one transcript copy would approximate 10 CPM on average for RNAseq data
(without correcting for transcript length bias). This is consistent with estimates in animals:
Mortazavi et al. (2008) proposed that one transcript copy approximated 0.5-5 FPKM and
Marinov et al. (2014) also estimated approximately 10 FPKM on average, noting that RNA
quantities can vary by an order of magnitude between cells. Assuming one transcript per
cell approximates 10 CPM in RNAseq data from Arabidopsis leaves, we can thus calculate and
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Figure 5.10 – RRGS time course.
A The numbers and direction of genes significantly changing in expression is displayed for each
time period in the RRGS time course (p < 0.05, FDR < 0.05)
B Half-lives for genes exhibiting a net decay (down-regulation) for each time period were
calculated according to the exponential decay model and summarised in a box a whisker plot.
Red line indicates the median half-life of 3.8 hours across the entire transcriptome (Narsai et al.
2007).
C The 1000 fastest decay events (smallest half-lives) corresponding to 901 unique genes were
extracted and the percentage occurring at each time period is summarised in the pie chart. The
period of most instability occurs in the first 15 mins of recovery from the initial EL stress,
accounting for the 69% of the fastest decay.
D Half-life determination in cell culture (Narsai et al. 2007) compared to half-life estimation
during stress and recovery in the RRGS time course.
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compare molecular decay rates.
Decay rates for all genes displaying a net decay were calculated and HSP101 had the fastest
decay rate of 585 molecules min−1 cell−1 at 30 minutes EL, while Rubisco activase was the
second fastest decaying transcript. APX2 exhibits a rapid crash between 7.5 and 15 minutes
recovery, going from 148 CPM to 40.0, corresponding to a half-life of 4.0 minutes. This
translates to an estimated average decay rate of 1.4 molecules of APX2 min−1 cell−1. By
contrast, during the same period an ~25% drop in Rubisco activase (AT2G39730) abundance
was detected, which was statistically significant (p < 0.05, fdr < 0.05) and corresponded to a
decay from 14283 to 10879 CPM over 7.5 mins. At a minimum this would require turning over
in the order of 45.4 molecules of Rubisco activase min−1 cell−1 on average at an initial rate
of 585 molecules min−1 cell−1 at the beginning of the decay period (assuming exponential
decay dCdt = −kdecay × C). Thus, small relative changes for highly-expressed genes require
considerably more resources than lower abundance genes.
A stress recovery resource
Examination of the stress and recovery transcriptome profiles revealed a multitude of dif-
ferent expression patterns that will be a valuable resource for further investigation into the
interplay between recovery and tolerance. RRGS-plots were created for all loci and a selection
are presented in Figure 5.11. These plots display the trajectory of a transcript, expressed as
fold change compared to levels at time 0 and each point is additionally labelled with corre-
sponding abundance in CPM. Significantly, the transcription factor ZAT10; which is typically
associated with stress response, peaks in expression during recovery. Moreover, the rapid in-
duction of ZAT10 during recovery highlights the important of precision sampling techniques,
in order to not confuse stress-responsive transcripts with recovery-responsive transcripts. It
will be of great interest to mine these data for more occurrences of this pattern of expres-
sion. Four general patterns of particular interest are also extracted in Figure 5.12, contrasting
stress-responsive and recovery-responsive transcripts. To demonstrate the potential of the
dataset, transcripts activated by recovery were examined for GO term enrichment to identify
pathways that may be important for stress-recovery. This analysis revealed enrichment for
transcripts associated with synthesis of two hormones, ethylene (GO:0009693) and jasmonic
acid (GO:0009695), implicating these hormones in recovery from EL stress (all enriched GO
terms are listed in Supplementary Data 5.21).
Decay profiles of rapidly activated transcripts
To examine the prevalence of RRGS, the profiles of all transcripts activated by EL stress were
examined. Preliminary analysis revealed that many transcripts peak in expression after 30
minutes of EL exposure; thus, focus was turned to the 444 transcripts up-regulated by 3-fold
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Figure 5.11 – Selection of EL response and recovery profiles (RRGS-plots).
Example RNAseq profiles of individual transcripts across the RRGS time course. Y axis values
represent fold-change relative to time 0, points are marked with the corresponding CPM value,
line type and colour indicate the treatment and the 2 solid lines mark the break in the x axis for
the 24 hour recovery period.
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Figure 5.12 – EL and response and recovery types.
A-D RNAseq mRNA abundance profiles, plotted as log2 fold-changes compared to abundance at
time 0, red lines represent stress treatment and blue lines recovery phase. A Transcript activated
by 3-fold at EL 30 mins (padj < 0.05); B Transcript repressed by 3-fold at EL 30 mins (padj < 0.05);
C Transcript activated by recovery (fold-change <1.5 until recovery, 2-fold r30 versus EL 60, padj
< 0.05); D Transcript repressed by recovery (fold-change < 1.5 until recovery, 2-fold r30 versus EL
60, padj < 0.05)
E Subset of GO terms enriched among the group of recovery activated transcripts, full list in
Supplementary Data .
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at 30 minutes EL (Figure 5.13 C). Among this group, some transcripts exhibit a phenom-
enal magnitude of activation, notably including heat-shock related proteins. For instance,
HSP70 (AT3G12580) is expressed at relatively low levels under control conditions at 28 CPM
(12 RPKM); however, upon EL stress HSP70 becomes the 23rd most abundant transcript
in the entire transcriptome at 10749 CPM (4713 RPKM; Figure 5.13 A). This monumental
transcriptional activation is indeed followed by a rapid decay. HSP20-like2 displays a sim-
ilar profile (Figure 5.13 B). The 444 EL responsive transcripts are further divided into three
groups; transcripts that once activated maintain high-expression into recovery (Figure 5.13
D), stress-activated and recovery-triggered decay (Figure 5.13 E) and transcripts that peak
in expression at 30 minutes and subsequently decay (Figure 5.13 E). Interestingly, of the 444
transcripts up-regulated by 3 fold or more at 30 mins, 196 (44%) are net down regulated (fall
below levels at time 0) by 60 mins recovery. A notable feature of these plots is a prominent
spike in expression at the 7.5 minutes recovery time point. It was initially presumed that
this spike was likely attributable to a normalisation or sampling artefact; nonetheless, the
possibility that it is a genuine spike in expression was explored further.
In order to independently replicate the RRGS time course and to gain more detailed insight
an ultra high-resolution qPCR analysis was performed (Figure 5.14). Unexpectedly, the ex-
pression spike during recovery was observed a second time. With the greater resolution
it was found that expression spiked within 3 minutes and could still be observed at the 6
and 9 minute recovery time points. It is attractive to speculate that this could correspond to
the release of a repressor or a change in chromatin (for instance histone exclusion or vari-
ants). The impressive speed of induction for the HSPs can also be observed (Figure 5.14 B-C).
Following the initial burst of transcription, abundance fluctuates as the new steady-state is
adjusted and trends downwards. If stress is maintained the slow and steady decline is con-
tinued (dashed-red lines); however, if recovery is initiated, expression spikes and rapid decay
is triggered.
Rapid-induction associated uncapped RNAs are insulated from siRNA bio-
genesis
To investigate the hypothesis that rapid induction leads to a proliferation of aberrant tran-
scripts and consequently siRNA mediated silencing, sRNA-seq was undertaken to profile
small RNAs and PARE was performed to interrogate the degradome. Indeed PARE anal-
ysis revealed that rapid induction was associated with a proliferation in uncapped mRNA
molecules. A strong correlation between the tissue-paired PARE abundance and mRNA
abundance (r2 = 0.64, Figure 5.15 A) for the time 0 samples (I) was also observed, consistent
with the previous reports (Jiao et al. 2008; Addo-Quaye et al. 2008; Willmann et al. 2014).
Many loci display a significant enrichment for PARE tags relative to mRNA abundance (Fig-
ure 5.15 A, upper-left). As expected, PARE-enriched loci include many known miRNA-
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Figure 5.13 – Recovery profiles of stress activated transcripts.
A-B RRGS-plots of representative EL responsive transcripts. A HSP101 and B HSP20-like2.
C Transcripts activated by 3-fold at EL 30 mins (padj < 0.05) were divided into three profile
groups; D Transcripts activated by EL and maintained at high expression levels through to 30
minutes recovery; E Transcripts activated by EL and repressed by 30 minutes recovery, and; F
Transcripts peaked at 30 minutes EL and subsequently decayed during stress exposure.
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Figure 5.14 – Ultra-high Resolution RRGS time course.
A-C High-resolution EL stress-recovery qPCR time course for APX2, HSP101 and HSP20like2.
Expression relative to time 0, error bars denote SE, n=4, red-line indicates the stress period (1000
uE), dashed red line prolonged stress and the blue line the recovery period (100 uE).
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targets and represent canonical miRNA cleavage signatures in the PARE data (Figure 5.15 B,
red dots). Some PARE-enriched loci correspond to structural RNAs such as tRNA, snRNA,
snoRNA as previously observed (Hou et al. 2014); yet many also correspond to protein-
coding genes. One possibility is that loci undergoing higher rates of decay - unstable tran-
scripts or loci experiencing a temporal down-regulation in steady-state - could display an
increased PARE:RNAseq ratio. In turn, such a relationship would be of great value to in-
vestigations into RNA stability and decay. PARE and mRNAseq abundances were profiled
for RRGS loci and a selection are shown in Figure 5.15 C-F. Overall, the abundance of de-
gradome tags largely mirrors mRNA abundance. There is some evidence in these plots that
periods of decay are associated with an increased PARE ratio, PARE abundance does appear
to ’lag’ behind mRNA abundance. In particular, PARE abundance spikes to levels higher
even than mRNA abundance at the 7.5 minute recovery time point, which is a period of
very rapid down-regulation (Figure 5.14 B-C). This PARE-abundance to transcript trajectory
relationship should be examined in more detail using a higher-resolution time course or in
combination with a transcriptional inhibitor, in order to determine whether an increased
PARE ratio truly associates with active down-regulation of transcripts.
In addition, the relationship between PARE abundance and mRNA stability was examined
using existing mRNA half-life data (Narsai et al. 2007). Evidently, there is no correlation
between the stability of a transcript - as measured in a transcriptional inhibition experiment
- and degradome abundance (Figure 5.15 I).
Given the robust positive correlation between PARE and mRNA abundance, it can be con-
cluded that it is unlikely that a high prevalence of uncapped mRNA molecules at a given loci
per se attracts siRNA mediated PTGS. There is no evidence to suggest that highly abundant
endogenous transcripts, for instance house-keeping genes, are susceptible to PTGS. However,
the rapid proliferation of uncapped RNAs that occurs when EL-responsive loci are activated
might distinguish these loci from constitutively abundant mRNAs.
Small RNA profiles were examined for the 59 transcripts that exhibited greater than 32-fold
induction to EL followed by RRGS (the most highly expressed subset from Figure 5.13 F)
and a selection are shown in Figure 5.16. None of these 59 loci exhibited siRNA production
coincident with mRNA or degradome up-regulation. Most RRGS loci did exhibit an increase
in small RNA tags; however, these were generally of mixed size classes (18-25) and over-
whelmingly aligned to the sense strand. Accordingly, these small RNA reads are most likely
degradation intermediates (small bits of degraded RNA), rather than functional siRNAs. In-
teresting, these small bits of degraded RNA often appear in a regular wave pattern, which
might reflect the underlying mechanism or kinetics of exonuclease decay. These small RNA
decay intermediates are contrasted in Figure 5.17 A-B with examples of two of the major es-
tablished classes of siRNAs, 24 nt heterochromatic small interfering RNAs (hc-siRNAs) and
21 nt phased, secondary, small interfering RNAs (phasiRNAs; Fei et al. 2013). On occasions,
siRNA loci were observed neighbouring RRGS loci (Figure 5.17 C); however, the siRNA loci
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Figure 5.15 – Degradome abundance correlates with mRNA abundance but not half-life.
A-B Relationship between degradome abundance determined by PARE and mRNA abundance
determined by polyA RNAseq for one replicate of sample I (time 0). CPM values determined for
genic-sense mapping reads following library normalisation using TMM in edgeR. r2 values
represent correlation coefficients, red dots mark experimentally validated miRNA targets (Ding
et al. 2012a).
C-H PARE abundance shadows mRNA abundance during stress and recovery. PARE (red dashed
line) and mRNA (black solid line) abundance (normalised CPM), profiled over the stress-recovery
time course for individual RRGS loci. Dotted vertical lines demarcate the recovery period.
I Relationship between PARE enrichment and mRNA half-life. The PARE enrichment ratio (PARE
CPM/(mRNAseq CPM). Half-lives were reported in Narsai et al. 2007), determined in Arabidopsis
cell culture following transcriptional inhibition. No correlation was observed.
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were not responsive to EL stress and no obvious influence on the neighbouring genes was
observed here.
Consistent with the absence of siRNAs from RRGS loci, mRNA decay during recovery was
similarly not impaired in rdr mutants. Using qPCR several RRGS loci were profiled for
defects in mRNA decay following EL induction in various rdr mutant backgrounds (Fig-
ure 5.18). RRTF, HSFA7A, HSP101 and LHCB1.4 mRNAs were effectively decayed during
the stress and recovery time course (LHCB1.4 was included as a representative EL-repressed
transcript). For APX2, rdr1 mutants displayed attenuated induction of APX2 but no defect
in APX2 decay during recovery (Figure 5.18 A left pannel). Backgrounds with combinations
of the rdr2 and rdr6 mutations unexpectedly displayed severely delayed induction of APX2.
In fact, other loci (RRTF1, HSP101 and HSF7A) are also characterised by mildly attenuated
induction. In summary, these results are consistent with an RDR and siRNA independent
mechanism for RRGS, which proceeds via canonical uncapped mRNA decay intermediates.
5’-3’ RNA decay is required for RRGS
In chapter 2 it was demonstrated that the exoribonuclease2-1 exoribonuclease3-3 (xrn2-1xrn3-3)
mutants have constitutive activation of significant portion of the EL-responsive transcriptome
(Figure 2.4) raising the possibility that XRN2 and XRN3 are required for silencing of RRGS
loci during recovery. Accordingly, qPCR was undertaken to profile mRNA recovery for a
selection of RRGS loci in xrn2-1xrn3-3 and altered expression of APX2 8 (alx8) mutants (Fig-
ure 5.19). For APX2, HSFA7A and HSP101, mRNA recovery was significantly impaired or
delayed in alx8; however, no significant difference was observed between xrn2-1xrn3-3 and
WT (Figure 2.4 A-C). The profile for RRTF1 and LHCH1.4 was largely the same in all geno-
types (Figure 2.4 E-F). In addition, the intergenic region up-stream of APX2 was profiled
given that alx8 mutants exhibit Pol II transcriptional read-through. Transcription in this re-
gion was constitutively higher in alx8 and also increased in response to the EL stress. From
these results it can be concluded that loss of SAL1 (alx8) leads to an impairment in tran-
scriptional stress recovery and this phenotype is independent of XRN2 and XRN3. A likely
mechanism for RRGS is thus XRN4 mediated 5’-3’ decay.
Summary
In summary, by profiling the processes of stress response, recovery and memory in the RRGS
time course, the significance of stress recovery is demonstrated. Key to recovery is rapid RNA
metabolism or RRGS, which occurs at unprecedented rates across the transcriptome. Stress
alleviation also triggers the specific activation of many transcripts, which are likely to be an-
other key aspect of stress recovery. Nevertheless, evidence for prevalent transcriptional stress
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Figure 5.18 – RRGS in rdr mutants.
A-E Transcript dynamics were monitored by qPCR in rdr mutant backgrounds (3 week old,
whole rosette) over an RRGS time course for representative transcripts. Expression relative to
Col-0 time 0, sampled at 0 and 60 minutes EL; 15, 30 and 60 minutes recovery. Error bars denote
SE, n=2, dotted line marks the end of the EL stress period (1000 uE) and beginning of the
recovery period (100 uE). In Panel A rdr1 and rdr1rdr2 mutants are separated from rdr2 and rdr6
mutants based on the distinct expression patterns of APX2.
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Figure 5.19 – RRGS in 5’ RNA decay mutants.
A-F Transcript dynamics were monitored by qPCR in 5’ RNA decay mutant backgrounds
(xrn2-1xrn3-3 and alx8, 3 week old, whole rosette) over an RRGS time course for representative
transcripts. Expression relative to Col-0 time 0, sampled at 0 and 60 minutes EL; 15, 30 and 60
minutes recovery. Error bars denote SE, n=2, dotted line indicates the end of the EL stress period
(1000 uE) and beginning of the recovery period (100 uE). In Panel D the insert provides a
magnification of the Col-0 and xrn2-1xrn3-3 profiles.
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memory of EL stress was also discovered, potentially connected to changes in DNA methy-
lation. Importantly, it is also proposed that future investigations in transcriptional memory
must perform time course experiments in order to discriminate between rapid, persistent
and hyper memory types. Reassuringly, the presence of uncapped mRNAs correlates with
the abundance of the full-length messages and overwhelmingly these do not trigger siRNA
production and PTGS or RdDM during EL stress. Overall, EL stress causes a transient tran-
scriptional response, which readily reverts to a pre-stress state following the recovery period.
Critical to the process of RRGS is likely to be 5’-3’ mRNA decay, demonstrated by the de-
layed recovery of alx8mutants. Indeed, this result raises the possibility that delayed recovery,
or a prolonged memory of stress underpins some of the stress tolerance phenotypes of alx8
mutants. Thus, the RRGS data set is presented as a resource for further investigations into
the balance between stress recovery and memory in plants.
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Thesis Conclusion
This thesis has demonstrated the existence of the SAL1-PAP-XRN retrograde signaling path-
way in Arabidopsis, providing mechanistic insight into the functions of retrograde signaling
during stress. Key to this discovery was the identification that the signal is transmitted and
interpreted via the nucleotide 3’-phosphoadenosine 5’-phosphate (PAP) and the 5’-3’ exori-
bonucleases (XRNs), respectively. Evidence that key changes in gene expression are mediated
by regulation of RNA Polymerase II read-through and activation of downstream genes was
also presented, contributing to our understanding of the transmission and specificity of the
PAP signal. Beyond the linear retrograde signaling pathway, it is also demonstrated that
PAP-signaling is entwined with other signaling networks of the eukaryotic cell. In particular,
PAP and the XRNs can regulate stomatal responsiveness and in turn drought tolerance, rais-
ing the prospect that PAP is a secondary messenger in ABA signaling. Indeed, beyond the
XRNs, novel PAP binding proteins were identified including NDPKs, CATs and SOS2 impli-
cating PAP in the regulation of Reactive Oxygen Species (ROS), ABA signalling and cellular
energy homeostasis. Characterisation of the PAP-XRN regulon points to the importance of
RNA metabolism in regulating stress responses, raising questions about how cells recover
from stress and the contribution of RNA metabolism and post transcriptional processes. It is
argued that elucidating the mechanisms of stress recovery is essential for a complete under-
standing of stress tolerance and memory. This gave rise to the hypothesis of Rapid Recovery
Gene Silencing (RRGS) as a mechanism for stress recovery. Indeed, transcripts are turned-
over incredibly fast during stress and recovery and the generation of the RRGS time course
establishes a resource for further investigations into how plants balance recovery and mem-
ory including profiling of perturbations to the transcriptome, degradome, sRNAome and
DNA methylome.
Extensive research efforts have focused on an organelle-localised protein SAL1 because mu-
tations in this gene in Arabidopsis and crops lead to markedly improved drought tolerance
and the altered expression of numerous nuclear-encoded genes. On the one hand, it was
postulated that these effects could be caused indirectly by non-specific chloroplast perturba-
tions. This thesis explored the alternative hypothesis that SAL1 is itself directly involved in
a retrograde signaling pathway.
In chapter 1, investigation of this hypothesis led to the discovery of a retrograde signal
in plants through the identification of the nuclear targets in the pathway. The preferred
substrate of the SAL1 enzyme, 3’-phosphoadenosine-5’-phosphate (PAP), was previously re-
garded as of little biological significance. Identification of the 5’-3’ exoribonucleases (XRNs)
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as potential in planta targets for PAP initiated an exploration into the biological role of PAP
and the XRNs in signaling, stress tolerance and transcriptome regulation. The xrn2-1xrn3-3
mutant closely phenocopies the alx8 mutant in gene expression profile and stress responses.
Furthermore, by retargeting SAL1 to the nucleus, the capacity for PAP to move between
cellular compartments was established. PAP levels were also found to correlate with the
imposition of stress and mutation of SAL1 activated 25% of the EL responsive transcrip-
tome, implicating PAP-XRN signaling in stress responses. Thus, a novel retrograde signaling
mechanism in plants was reported (Estavillo et al. 2011).
The elucidation of the retrograde signaling mechanism in chapter 1 raised several key ques-
tions concerning the prevalence of the degradome in expression data and most significantly
the mechanism by which the PAP signal is translated into gene expression changes. In chap-
ter 2, it was proposed that RNA Polymerase II read-through could provide an additional
mechanism of gene activation via the XRNs function in this process. RNAseq was used to
robustly confirm the concordance between the differential expression profiles of xrn2-1xrn3-3
and alx8 mutants. These results also identify a specificity for stress responsive transcripts
through direct comparisons with EL and drought treatments. It is proposed that Pol II read-
through may underpin a global increase in the levels of mRNAs, which presents a challenge
for bioinformatic analysis necessitating novel approaches. Signatures of the degradome were
found to be prevalent in RNAseq expression data. This observation presents novel opportu-
nities to study post-transcriptional RNA regulation; for instance, the action of miRNAs. By
the same token, new methods are required to fully correct for this bias in expression data
where RNA metabolism is affected. Additional novel roles for the XRNs in nuclear mRNA
surveillance and transcriptional regulation in Arabidopsis were identified, including intron
decay, and intriguing effects on CHH DNA methylation at transposons, which will be the
subject of further investigation.
As demonstrated in chapter 1, PAP-XRN retrograde signaling is likely to play a role in
drought response given that xrn2-1xrn3-3 and sal1 mutants are drought tolerant and that
PAP accumulates during drought. Consistent with this, concurrent investigations discovered
that the sal1 mutation can rescue the drought-susceptible open stomata 1 (ost1) genotype by
restoring sensitivity to ABA. In chapter 3, it was found that this response is mediated via PAP
signaling and the nuclear XRNs. In ost1alx8 double mutants, remodelling of the transcrip-
tome occurs both before and in response to ABA, which likely underpins the mechanism of
stomatal closure. It was shown that PAP can regulate the composition of the ABA pathway
preceding stress, for instance by increasing expression levels of CDPKs. Nevertheless, an-
other possibility is that PAP itself could participate directly in stomatal closure, whether in
concert with, or independently of ABA, for instance by interacting with additional factors in
stomata.
Multiple lines of evidence accumulated over the first three chapters indicated that PAP could
have additional targets in plants. For instance, two thirds of the changes to the transcrip-
Supplementary Data 207
tional landscape in alx8 are independent of the XRNs. In chapter 4, the PAP-interactome
in Arabidopsis was elucidated using affinity chromatography. This analysis led to the dis-
covery of novel intersections with nucleic acid regulation, Reactive Oxygen Species (ROS),
ABA signalling and cellular energy homeostasis. A novel core PAP-binding complex consist-
ing of AK2-NDPK-SOS2-CAT3 was identified, providing many avenues for further research
and raising the possibility that PAP could regulate stomata via both XRN-dependent and
independent mechanisms.
By broadening the investigation of RNA metabolism beyond the XRNs it is argued that stress
recovery and RNA turnover are critical aspects of stress response signaling. The majority of
changes that occur in response to stress only occur during stress exposure and typically re-
vert to the pre-stress state following recovery. Transcriptome analysis revealed that SAL1 also
likely regulates RNA metabolism during stress recovery, implicating PAP and retrograde sig-
naling in this additional process. Ultimately, the RRGS time course serves as a demonstration
of the significant role that RNA metabolism plays in rapid recovery from stress and will be a
valuble resource for further investigations into plants stress response, recovery and memory.
In conclusion, this thesis has contributed novel findings to our understanding of the remark-
able mechanisms by which plants express their complex genetic code and translate those
messages into intricate and precise responses to the environment via retrograde signaling,
transcription and RNA metabolism.
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Glossary
Arabidopsis Arabidopsis Thaliana. xii, 12, 14, 15, 21, 24, 39, 40, 53–55
alx8 altered expression of APX2 8. xvii, xix, 6–8, 13, 15, 17, 18, 20–22, 24–27, 29–33, 35, 37, 38,
40–44, 54, 76, 78
ein5-6 ethylene-insensitive 5. 17, 18, 25, 29, 31
ex1 executer1. 13
fou8 fatty acid oxygenation up-regulated 8. 17, 41
fry1-1 fiery1-1. 37
fry1-6 fiery1-6 (SALK_020882). 17, 20, 21, 24, 25, 29–31, 37, 38
rax1 regulator of APX2 1. 13
sal1 salt tolerant 1. xii, xvii, 6, 11, 14, 17, 20–22, 24, 25, 28–32, 37, 40, 42–45, 53, 54, 59, 65, 68
sco snowy cotyledon. 12
xrn2-1xrn3-3 exoribonuclease2 exoribonuclease3 (Double mutant of both the nuclear 5’-3’ exoribonu-
cleases. xvii, xix, 7, 8, 11, 17, 18, 29–34, 36, 40, 42–45, 54, 75, 78
xrn3-3 exoribonuclease3-3 (SAIL_1172C07). 54
xrn4-6 exoribonuclease4-6 (SALK_ 014209). 6, 11, 17, 25, 29, 54
xrn exoribonuclease. xii, xvii, xix, 6, 11, 14, 17, 24, 29, 30, 33, 35, 36, 42, 44, 54, 68
ABA Abscisic Acid. 13, 31, 43, 44, 54, 55
ABRC The Arabidopsis Biological Resource Center, Ohio State University. 18
ACC 1-aminocyclopropane carboxylic acid. 18, 25, 28
AHL HAL2-LIKE. 21, 53
AMP adenosine monophophate. 11, 52, 53, 59, 61
ANOVA Analysis of Variance. 22, 23
APX2 ASCORBATE PEROXIDASE 2. xiii, xvii, 7, 8, 11, 13, 14, 22, 29–32, 39, 41, 43–45, 65, 66
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Col-0 Columbia-0 Ecotype of Arabidopsis Thaliana. 15, 18, 22, 24–26, 29, 31–33, 35, 37–39, 41,
59, 65
CYP5 CYCLOPHILIN 5 (AT2G29960). 18, 56
Cys cystine. 21
DREB2A DROUGHT RESPONSE BINDING 2A. 13
DW Dry Weight. 23
EL Excess-light (typically 10x growth irradiance). 12–15, 17, 21, 22, 29, 31, 32, 43–45, 54
ELIP2 EARLY LIGHT INDUCIBLE PROTEIN 2. 13, 22, 29, 31, 32, 43–45
Ez Erin (My lovely wife). vii
FW Fresh Weight. 20, 22
GAPC2 GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE C2 (AT1G13440). 18, 56
H2O2 Hydrogen Peroxide. xvii, 14, 15, 31, 44, 55
IP3 Inositol 1,4,5- trisphosphate. 14, 17, 21, 37, 39
LUC LUCIFERASE. 14
miRNA microRNA. 24, 25
MS Murashige and Skogg (GibcoBRL, MD USA). 18, 28, 65
Ndpk Nucleotide Diphosphate Kinase (Insert identifier). 51, 55
Orn Oligoribonuclease (Insert identifier). 52, 54
PAP 3’-phosphoadenosine 5’-phosphate. xi–xiii, xvii, xix, 7, 8, 10, 11, 14, 17, 20–24, 29, 31,
37, 39–46, 51–56, 59–63, 65, 66, 69–71
PAPS 3’-phosphoadenosine 5’-phosphosulfate. 14, 20, 37, 39, 40, 52
PARP-1 polyADP-ribose polymerase 1 (Insert identifier). 51
PP2AA3 PROTEIN PHOSPHATASE 2A SUBUNIT A3 (AT1G13320). 18, 56
PTGS Post Transcriptional Gene Silencing. 6, 25, 42, 43, 51, 53, 78, 81
qPCR quantitative real-time PCR. 18, 25, 31–33, 56
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ROS Reactive Oxygen Species. 13, 40, 44
RWC Relative Water Content [(TW-DW)/FW/DW). 22, 23, 54
SAL1 SALT TOLERANT 1 (Also ALX8, FRY1, HOS2, RON1, and SUPO1). xii, xvii, 11, 13,
14, 17, 20–22, 24, 25, 33, 37, 39–45, 53, 65
Snf Small fragment nuclease (Insert identifier). 51, 54
SOT SULPHOTRANSFERASE. 52
XRN 5’- 3’ EXORIBONUCLEASE. xii, xvii, 6–8, 11, 14, 24, 25, 29, 33, 39, 40, 42–45, 51, 53–55,
61, 62, 69, 76, 80, 81
XRN2 EXORIBONUCLEASE 2. 24, 29, 40, 43
XRN3 EXORIBONUCLEASE 3. 24, 29, 40, 43
XRN4 EXORIBONUCLEASE 4. 12, 17, 24, 25, 42
ZAT10 SALT TOLERANCE ZINC FINGER. 13
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